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The graphene moiré superstructure formed on Ru(0001) (g/Ru(0001)) has shown 
the potential as a template to self-assemble super-lattices of metal nanoparticles as model 
catalysts.  To explore the possibility of rational catalyst design on g/Ru(0001), it is 
desirable to know the minimum-energy adsorption sites, adsorption energies, and 
diffusion properties of small metal species on this surface.  Toward this end, detailed 
density functional theory (DFT) calculations have been performed to investigate the 
adsorption and diffusion of Rh and Au adatoms on g/Ru(0001).  The results show that the 
adsorption of both Rh1 and Au1 is most stable in the fcc region on the graphene moiré.  
The global diffusion barrier is estimated to be 0.53 eV for Rh1 and 0.71 eV for Au1, 




 and ~1 s
-1
 at 298 
K, respectively.  The consequences of different hopping rates for cluster nucleation have 
been explored by performing Monte Carlo-based statistical analysis, which suggests that 
diffusing species other than adatoms need to be taken into account to develop an accurate 
description of cluster nucleation and growth on this surface. 
DFT calculations have also been carried out to investigate the adsorption and 
diffusion of 18 4d (Y-Ag) and 5d (La-Au) transition metal adatoms on g/Ru(0001), using 
small surface models representing different regions of the g/Ru(0001) surface.  For each 
adatom, adsorption is the strongest in the fcc region and the weakest in the mound region 
of the moiré.  Diffusion within the fcc region is facile for most adatoms, but an additional 
barrier is imposed by the corrugation of the graphene moiré for traversing between 
neighboring fcc regions.  Overall, the earlier 4d and 5d metal adatoms have stronger 
 xvii 
adsorption energies and higher diffusion barriers on g/Ru(0001) than the later ones.  
These results provide a better understanding of the conditions necessary to achieve dense 
super-lattices of monodisperse metal clusters on g/Ru(0001). 
Given the necessity to study larger diffusing species than adatoms, DFT 
calculations have been performed to study the adsorption and diffusion of Rh and Au 
dimers and trimers on g/Ru(0001).  The fcc region of g/Ru(0001) was predicted to be 
where dimers and trimers are most strongly adsorbed and where the nucleation of metal 
nanoclusters occurs.  The diffusion mechanisms and energy barriers for the dimers and 
trimers on g/Ru(0001) were calculated, and the results was compared with monomer 
diffusion.  It was shown that the mobility of Rh clusters decreases with the increase of 
cluster size, while for Au, dimers diffuse faster than monomers and trimers on the moiré 
surface.  These calculations give us insights into the nucleation and growth mechanism of 
metal clusters on graphene moiré. 
Gold nanoparticles have been extensively studied for their high catalytic activity 
both theoretically and experimentally.  We used a genetic algorithm combined with DFT 
calculations to predict the lowest energy structure of a Au8 cluster on g/Ru(0001).  The 
most stable Au8 structure and its adsorption energy in the fcc and the ridge region of 
g/Ru(0001) were reported.  Our result gives a double-layer Au wall structure for Au8 in 
the fcc region, where the Au8 cluster is most strongly adsorbed.  Our prediction is 
consistent with the Au island structure experimentally observed on g/Ru(0001), which 
supports the hypothesis that Au clusters aggregates through Oswald ripening with Au 
dimer being the major diffusing species.    
 xviii 
Finally, we examined the morphology of Cu clusters on g/Cu(111) by 
investigating the adsorption of a Cu19 cluster in the fcc region of g/Cu(111) using MD 
simulations with COMB3 potential.  We determined the low energy Cu19 structures and 
their adsorption energies at 0 K on g/Cu(111).  Our results show that at low temperature, 
a Cu19 cluster prefers to form a 3D compact structure on g/Cu(111).  We also studied the 
mobility of Cu clusters on g/Cu(111) by performing NVT-MD simulations at elevated 
temperatures.  The analysis shows that the small corrugation of g/Cu(111) imposes weak 
interaction on the supported Cu clusters, which suggests that g/Cu(111) may not be a 










1.1 Background and Motivation 
Subnanometer- and nanometer-size clusters are materials that are distinctly 
different from the corresponding bulk phases and can possess unique electronic, catalytic, 
magnetic, and optical properties [1, 2].  Recent studies have demonstrated that metal 
nano-clusters differing by just a few atoms can exhibit distinctly different catalytic 
properties [3-6].  Size is therefore potentially another dimension in which to tune catalyst 
properties, besides composition and structure.  To exploit these properties, it is desirable 
to fabricate dense arrays of uniformly sized, monodisperse clusters.  Methods to prepare 
clusters include ligand-stabilized metal clusters [7], inverse micelles [2], and soft-landing 
of mass-selected clusters [8].  Although these methods can produce cluster with highly 
uniform sizes or shapes, it remains a challenge to fabricate dense arrays of monodisperse, 
uniformly sized, and spatially accessible clusters on well-defined substrates, which would 
make desirable platforms on which to perform model catalysis studies at low to moderate 
temperatures [9].  A viable approach involves the use of patterned surfaces as templates 
[10] for the self-assembly of atoms into clusters.  The formation of metal clusters has 
been reported, for example, on epitaxial films of Al2O3 [11, 12], FeO [13], BN [14], and 
graphene formed on support materials [15, 16]; and on vicinal or reconstructed surfaces 
of Si(111) [17] and Au(111) [18, 19].  The pioneering work by N’Diaye et al. [20] has 
demonstrated that graphene moiré formed on Ir(111) (denoted as g/Ir(111)) can function 
as such a template for the nucleation and growth of metal clusters.  Densely populated 
 2 
super-lattices of metal clusters with narrow size distribution were reported for Ir [20], Pt, 
and W, and for Re and Au at low temperature [21].  Among potential applications, such 
super-lattices of clusters can make interesting model catalysts [22, 23]. 
Epitaxial growth on transition metals is one of the main methods for preparing 
graphene [24].  Graphene has been synthesized on Co(0001) [25], Ni(111) [26], Cu(111) 
[27, 28], Ru(0001) [29-32], Rh(111) [33], Ir(111) [16, 34-36], Pd(111) [37, 38], and 
Pt(111) [39-41].  A moiré super-structure has been observed in graphene on Ru(0001), 
Rh(111), Pd(111), Ir(111), and Cu(111) because of a mismatch between the graphene and 
metal lattices, which results in alternating regions of C atoms being either favorably or 
unfavorably aligned with the underlying metal atoms to undergo sp
3
 rehybridization [42, 
43].  It can be envisaged that by varying the substrate metal, the graphene-substrate 
coupling [44, 45], and the deposited metal [22], a series of monodisperse, structurally 
uniform nano-clusters with different compositions and sizes can be achieved, leading to 
exciting potential applications. 
Like on Ir(111), continuous, single-crystalline, a defect-free graphene moiré that 
can grow to micron sizes and over step edges without interruption has been obtained on 
Ru(0001) [29, 32, 46-48].  Graphene moiré on Ru(0001) (denoted as g/Ru(0001); Figure 
1.1) is stable in air up to ca. 500 K [49, 50], making it a suitable support material for 
model catalysts with the advantage of being free of multiple reactive elements as are 
typically present on oxides.  Efforts to use g/Ru(0001) to self-assemble metal clusters 
have so far involved a handful of different metals.  At room temperature, Pt [51, 52] and 
Ru [22, 53] form numerous dispersed clusters with a narrow distribution of sizes and 
heights; Rh forms dispersed but less numerous clusters [32]; whereas Pd, Co [32], Au [9, 
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32, 54], and Fe [55] atoms coalesce into a few large aggregates.  Lower temperature 
(140-180 K for Pt [52]; 230-250 K for Ru [22]) results in the occupation of all moiré cells 
(i.e., maximum number density) on g/Ru(0001).  These examples on g/Ru(0001) and 
those demonstrated on g/Ir(111) [36] suggest that thermally activated surface transport 
processes strongly control the nucleation and growth behavior of metal clusters on the 
graphene moiré.  These kinetic aspects, however, have not been completely explored. 
The periodicity for the graphene moiré superstructure on Ru(0001) has been 
approximated to be (12×12)-graphene-on-(11×11)-Ru(0001) [31, 43, 47, 56].  Density 
functional theory (DFT) calculations suggest that alternating regions of C-Ru alignment 
are formed due to the lattice mismatch between the graphene and Ru(0001) substrate.  
The regions where C and Ru are aligned for sp
3
 rehybridization are the fcc and hcp 
regions (Figure 1.1a).  In the area between these regions, which we term the ridge region, 
the C atoms shift continuously relative to the underlying Ru atoms.  In the atop region, 
the graphene physically protrudes away from the Ru(0001) surface, which precludes Ru-
C bonding.  There is no definite borderline between the different regions.  Recent angle-
resolved ultraviolet photoelectron spectroscopy experiments reported that the electronic 
structure of graphene on Ru(0001) splits into two, suggesting two broadly chemically 





Figure 1.1: The relaxed moiré structure of (12×12) graphene (red, yellow)/(11×11) Ru(0001) (cyan) 
supercell obtained by a DFT calculation [58].  C atoms are colored with gradient based on their heights 
with respect to the Ru surface: the redder the higher.  (a) Top view of the fcc (yellow), hcp (yellow), and 




 First-principles electronic structure calculations are well suited to provide 
quantitative information regarding the kinetics of molecular-level processes.  The surface 
mobility of clusters usually drops rapidly with increasing cluster size [59], so adatoms are 
expected to play an important role in cluster growth and mobility [60].  We aim to 
understand the adsorption and diffusion of small cluster species on graphene moiré as a 
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necessary step towards understanding mechanism of cluster nucleation and growth.  To 
start, we will investigate Rh and Au monomers on g/Ru(0001).  Rh and Au were chosen 
as our focus because of their distinct patterns in forming clusters on g/Ru(0001) [61].  We 
will characterize the adsorption and diffusion of Rh and Au adatoms on the full surface of 
g/Ru(0001) and in its different regions.  The insight we gained allows us to extend our 
study to all 4d and 5d metal adatoms on g/Ru(0001).   
Monomer diffusion alone, however, is not sufficient to describe the growth 
mechanism of clusters of these metals on the surface.  Conventional descriptions of 
cluster diffusion assume that cluster mobility drops rapidly as the cluster size increases.  
For example, Voter showed that for Rh clusters on Rh(100), the diffusion constant scales 
as n
-1.76 ± 0.06
 for clusters larger than n = 15 atoms [62].  Examples are known, however, 
where diffusion of sizeable clusters occurs.  Wen et al. reported that Ag clusters on 
Ag(100) containing hundreds of atoms have significant mobility [63] and other direct 
observations of large cluster diffusion on surfaces have also been made [64-66].  Multiple 
studies [67-76] have shown that small clusters (dimer, trimer, etc.) are mobile on many 
surfaces and their motion should be included in a proper description of cluster nucleation 
and growth.  A recent study by Signor et al. on linear Cu trimers on Ag(111) showed that 
trimers, once formed, have significantly higher mobility than either monomers or dimers 
[70].  Xu et al. pointed out that for Pd diffusion on MgO(100), the tetramer is the fastest 
diffusing species at room temperature [71, 72].  Studies of small Ag, Au, Pd, Cu and Ca 
clusters on MgO(100) surface show that small clusters such as dimers, trimers, and 
tetramers are mobile on the surface at the operating temperature of molecular beam 
epitaxy (MBE) experiments and they display a variety of diffusion mechanisms [73, 74].   
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The discussion above indicates that a description of the mobility of small metal 
clusters on the g/Ru(0001) surface is necessary before efforts can be made to describe 
cluster nucleation and growth.  We will thus address the issue of small cluster diffusion 
on this graphene moiré surface by reporting DFT calculation results of adsorption and 
diffusion of Rh and Au dimers and trimers on g/Ru(0001).  We also extend our study to 
other 4d and 5d transition metals to give initial insight into their nucleation behavior on 
g/Ru(0001). 
Gold nanoparticles have exhibited incredible catalytic activity in low temperature 
catalytic processes [77-79].  Since Haruta et al. showed that nanosized Au particles (< 5 
nm) can be very effective catalysts [80], extensive studies have been carried out for the 
high catalytic activity of Au nanoparticles in various chemical processes, including low 
temperature CO oxidation [79-83], selective hydrogenation [84], NOx reduction [85, 86], 
hydrogen peroxide formation [87], propene epoxidation [88, 89], and water-gas shift 
reaction [90, 91].  Mechanistic studies on the catalytic activity of nanosized Au in low 
temperature oxidation reactions indicate the importance of the synergistic effects between 
Au and oxide substrates [92] and the Au sites with low coordination number [93].  
Therefore, to study the intrinsic catalytic activity of nanosized Au, Au clusters need to be 
studied on an oxygen-free substrate.  One challenge in heterogeneous catalysis is to 
synthesize supported metal particles with maximum control over their composition and 
structure.  To serve this purpose, the desired substrate needs to have periodic nucleation 
sites to disperse metal clusters so that they can be stabilized against aggregation [94].  
One example of such material, which is also oxygen-free, is the graphene moiré on metal 
substrates, such as g/Ru(0001), the system we are investigating in this work.   
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Supported Au8 clusters are known experimentally to exhibit a high chemical 
activity [78] and thus worthy of detailed investigation of its atomic-scale structure.  A 
recent study on the Au8 cluster on MgO(100) identified structures more stable than ever 
reported before and rationalized its high activity by predicting a high O2 binding energy 
(up to 1 eV) to the cluster [95].  This has drawn us interest to characterize Au8 clusters on 
g/Ru(0001).  To study a larger cluster with more than a few atoms is challenging due to 
the enormous configurational space we have to examine.  Specifically, we need to 
determine the lowest energy configuration of a Au8 cluster on g/Ru(0001).  Because the 
number of candidate local energy minima grows exponentially with the number of atoms, 
the computational effort scales exponentially with cluster size.  To face this challenge, we 
adopted a computational method combining a Genetic Algorithm (GA) [95, 96] with 
Density Functional Theory (DFT) calculations to systematically scan for the low energy 
Au8 structures on the surface of g/Ru(0001).  This method has been successfully applied 
to study Au clusters on MgO(100) F centers [95] and large metal clusters in metal 
organic frameworks (MOFs) [75, 97].  We also estimated the diffusion barrier of Au8 on 
g/Ru(0001) and provided a hypothesis of how Au clusters form on the surface.   
The results outlined above used DFT calculations to investigate different species 
of small metal clusters on g/Ru(0001).  These results give us insight into the mechanisms 
of cluster formation on g/Ru(0001), but they are not sufficient to help us understand all 
aspects of cluster nucleation and growth.  It is thus necessary to focus on even larger 
clusters (>10 atoms) on supported graphene and seek suitable methods to describe and 
simulate this type of systems.  DFT calculations generally provide high accuracy for 
material properties.  However, because of the large computational cost, DFT methods are 
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limited to relatively small system sizes, typically a few hundred atoms.  Because of the 
limitation in time and length scale that DFT method can describe, it is thus not able to 
address many important issues associated with large and complex microstructures.  
Classical molecular simulations, such as molecular dynamics (MD) and Monte Carlo, has 
been employed to examine systems with time and length scales that are beyond the reach 
of DFT methods.  The advantage of these methods is their high computational speed and 
their ability to probe large systems at finite temperatures and under external driving 
forces.  
The key component in classical molecular simulations is the inter-atomic potential 
that describes the bonding and non-bonding effects of valence electrons without 
explicitly describing the electrons themselves.  It has not generally possible for empirical 
inter-atomic potentials to describe structures with more than one bonding type, because 
empirical potentials for different bonding types have different functional forms.  The 
charge optimized many-body (COMB) potential [98-100] is one of several reactive force 
fields that can describe complex bonding environments in real materials.  Another widely 
used potential of this kind is the reactive force field (ReaxFF) [101].  Both COMB and 
ReaxFF describe reactive processes by allowing bond formation and bond breaking 
during classical simulations.  The force field parameters used in the potential terms are 
optimized relative to DFT and/or other quantum chemical calculations and/or reported 
experimental values in literature.  Molecular simulations using COMB or ReaxFF are 
slower than using non-reactive force fields, but are still significantly faster than DFT 
calculations, allowing simulations of systems larger than 10
6
 atoms at nanosecond time 
scales [102-106].  Here we focus our research on using the COMB potential. 
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The development of COMB potentials has gone through three major stages, 
denoted COMB1, COMB2, and COMB3, respectively.  Each generation has made a 
significant improvement over the previous one.  In particular, several functions in 
COMB3 have been refined in the aim of providing a general, flexible, and robust 
empirical potential formalism that is capable of treating all different types of bonds 
within a multi-component system in an integrated manner [98].  COMB1 has been 
successfully applied to reproduce the phase order of SiO2 [100] and Cu [107].  COMB2 
has been applied to Si-SiO2 system and amorphous SiO2 [99], the Cu-SiO2 [108], Hf-
HfO2 [109], and Cu-Cu2O [110] systems, and Cu adatoms on ZnO surfaces [111].  
COMB3 was recently proposed and demonstrated to be able to describe organic-metal 
interaction in a dynamically changing environment [98].  All three generations of COMB 
have been implemented into the Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) program [112, 113].  
A strong limitation of the COMB potential to date is that it has only been 
developed for a limited set of elements including C, H, O, Cu, Al, Zr, Zn, and Ti.  As a 
result, it is not currently possible to study Rh or Au on supported graphene with COMB 
potential.  To work within this limitation, we aim to investigate large Cu clusters on 
graphene supported by Cu(111) (denoted as g/Cu(111)).  Epitaxial graphene has been 
grown on Cu(111) and it has been observed experimentally by scanning tunneling 
microscopy and spectroscopy [114-116].  Multiple moiré patterns were observed, which 
is a result of different rotational alignments of the graphene lattice with the underlying 
Cu(111) lattice.  This indicates that the graphene is weakly coupled to the substrate.  
There are two predominant moiré patterns observed, which suggests that graphene has 
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preferred orientation with the underlying Cu(111).  We will only simulate the large moiré 
pattern (~6.6 nm periodicity) when the graphene lattice is aligned with Cu(111) lattice 
with 0° rotation.  Computational studies [117, 118] of graphene on transition metal 
surfaces predict that the lattice mismatch between graphene and Cu(111) is small (4.44%) 
and the binding is weak.  It was also reported that the potential energy surface (PES) of 
graphene on Cu(111) is similar to that on Ru(0001), only with less corrugation [117].  
This suggests that the fcc region of g/Cu(111) is the strongest adsorption region, which is 
the same as the case of g/Ru(0001).  Cu adatoms have been theoretically studied on 
graphene [119], but unfortunately, there is no prior literature reporting Cu clusters on 
g/Cu(111) experimentally or computationally.  
We will thus predict the morphology of Cu clusters on g/Cu(111) and investigate 
their mobility at elevated temperatures using MD simulations with the COMB3 potential.  
We focus our study on Cu19, a magic size cluster.  A few other clusters with different 
sizes are considered for the study of cluster diffusivity at different temperatures with 
respect to cluster size. 
1.2 Thesis Organization 
We performed Density Functional Theory (DFT) calculations to investigate the 
adsorption and diffusion properties of Rh and Au monomers on g/Ru(0001).  Using the 
information, we conducted a statistical analysis by performing Monte Carlo simulations.  
The calculation details and results of Rh and Au monomers on g/Ru(0001) are presented 
in Chapter 2.  Given the insight we gained from Chapter 2, we extended the study of 
adsorption and diffusion of metal monomers on g/Ru(0001) to include all 4d and 5d 
transition metals.  The trends in adsorption energy and diffusion barriers of metal 
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monomers across the periodic table are discussed in Chapter 3.  Given the importance of 
small cluster diffusion on various surfaces, the necessity to study small metal clusters on 
g/Ru(0001) motivated us to investigate the adsorption and diffusion properties of Rh and 
Au dimers and trimers on g/Ru(0001).  The results of dimer/trimer adsorption 
configuration and diffusion energy barrier are presented in Chapter 4.  In Chapter 5, we 
used the computational method combing Genetic Algorithm (GA) with DFT to study the 
thermodynamics of Au8 cluster on g/Ru(0001).  The most stable Au8 configurations in the 
fcc and the ridge region are reported.  We also proposed a hypothesis of Au film 
formation mechanism on g/Ru(0001) based on our Au8 predictions and previous results 
of Au clusters in Chapter 2-4.  Because of the limitation of system size we can study 
using DFT method, we continued on exploring large metal clusters on graphene moiré 
surface using Molecular Dynamics (MD) simulations.  These simulations were performed 
via Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) and the 
intermolecular potential was described by the 3
rd
 generation of charge optimized many-
body (COMB3) potential.  The results of simulating Cu clusters on graphene/Cu(111) are 
reported in Chapter 6.  We will conclude all our work and give an outlook of this research 
field in Chapter 7. 
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RH AND AU MONOMERS ON GRAPHENE/RU(0001) 
 
2.1 Introduction 
 In this Chapter, we investigate and compare the adsorption and diffusion of the 
adatoms of two metals, Rh and Au (Rh1 and Au1), on the graphene/Ru(0001) (denoted as 
g/Ru(0001)) surface, using periodic density functional theory (DFT) calculations.  Both 
have been observed experimentally to grow in a self-limiting manner, but Rh nucleates 
into well-dispersed small clusters whereas Au exclusively forms a few large 2D islands, 
each covering multiple moiré cells [1-3].  In previous studies [4, 5] the potential energy 
surface (PES) of an adatom on a graphene moiré was sampled along a single linear 
direction and not in its entirety.  To tackle the practical challenges posed by the large size 
of the graphene moiré unit cell (Figure 2.1a) and the heterogeneity of the surface, we 
have taken a two-tiered approach by first studying the adsorption and diffusion of Rh1 
and Au1 in detail on (33) model surfaces representing different regions of g/Ru(0001).  
The results identify the C-top and the C6 ring center sites to be the key sites for the 
adsorption and diffusion of Rh1 and Au1.  We have then carried out an extensive set of 
large-scale DFT calculations for Rh1 and Au1 adsorbed in all the non-equivalent C-top 
and C6 ring center sites in the symmetry-irreducible zone of the graphene moiré unit cell 
of g/Ru(0001) (Figure 2.1a).  The resulting PESs, which encompass the entire 
g/Ru(0001) moiré unit cell, quantitatively demonstrate how each adatom preferentially 
diffuses across the moiré.  The global diffusion barriers are thus estimated to be 0.53 eV 
for Rh1 and 0.71 eV for Au1, which correspond to a global hopping rate between adjacent 
 22 






 at room temperature, respectively, and are 





Figure 2.1: Schematic showing the optimized (1212)-graphene moiré/(1111)-Ru(0001) surface in (a) top 
and (b) side views.  The top and lower layers of Ru are colored differently, and the C atoms are colored 
according to their heights, as an aid to the eye.  For clarity, the C atoms are shown in the stick model in the 
top view and the ball model in the side view.  In (a), the surface unit cell is outlined by black dashed lines; 
the symmetry-irreducible zone is indicated by the triangle; the high-symmetry regions are labeled; the high-
symmetry C6 rings represented by (33) surfaces are outlined by hexagons with sites labeled.  In (b), d1 and 
d2 indicate the heights of the highest and lowest C atoms in the graphene moiré with respect to the top Ru 




 Furthermore we have performed Monte Carlo (MC) simulations to demonstrate 
how different nucleation and growth behavior results from the different mobility of 
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adatoms.  The results suggest that even deposition of atoms across the surface and a lack 
of diffusion between moiré cells after deposition are key to cluster nucleation with high 
number density and narrow size distribution, whereas significant transport across moiré 
cells leads to agglomeration and formation of large particles.  When the results of the 
DFT calculations and MC simulations are considered together with the experimentally 
observed nucleation and growth behavior of Rh and Au on g/Ru(0001), the possibility of 
a more mobile Au species than the Au adatom is identified. 
2.2 Methods 
Periodic DFT calculations were performed using the Vienna Ab Initio Simulation 
Package (VASP) [6-8] in the generalized gradient approximation (GGA-PBE) [9].  The 
core electrons were described by the PAW method [10, 11], and the Kohn-Sham valence 
states (including Ru(4d5s), Rh(4d5s), Au(5d6s), C(2s2p)) were expanded in plane wave 
basis sets up to 400 eV.  A first-order Methfessel-Paxton scheme [12] was used to smear 
the electronic states with a width of 0.1 eV.  The optimized Ru lattice constant a = 2.726 
Å and c = 4.302 Å and graphene in-plane lattice constant of a = 2.460 Å (corresponding 
to a C-C bond length of 1.420 Å) were in close agreement with the experimental values 
(a = 2.706 Å and c = 4.28 Å for Ru; a = 2.46 Å for graphite) and previous DFT results 
[13-16].  A vacuum space of ca. 13 Å separated neighboring Ru slabs in the z direction to 
accommodate the graphene moiré.  Spin polarization was checked for Rh1 and Au1 on all 
surface models.  Both adatoms have residual magnetic moments when adsorbed on 
freestanding graphene, although the residual moments lower the electronic energy only 
by ~0.05 eV for Rh1 and ~0.1 eV for Au1 and can be ignored for the purpose of 
understanding the diffusion properties of the adatoms on g/Ru(0001). 
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The exact periodicity of g/Ru(0001) is still a subject of debate [13, 14, 17-22].  
The (1212)-graphene moiré on (1111)-Ru(0001) model (“12-on-11”, Figure 2.1a) is in 
close agreement with the majority of experimental evidence for the geometry of the 
graphene moiré [18, 20, 23-25] and is adopted in this study.  The Ru(0001) substrate was 
modeled by a three-layer slab, with therefore a total of 363 Ru and 288 C atoms in the 
unit cell.  An initially flat sheet of graphene, which was expanded by 1.58% in the xy 
plane to conform to the Ru(0001) surface lattice, was placed over the Ru surface and 
relaxed into the moiré structure by geometry minimization. After fully relaxing the C and 
top-layer Ru atoms to below 0.05 eV/Å in all degrees of freedom, the lowest point of the 
graphene layer was located at 2.156 Å above the position of the un-relaxed, bulk-
truncated top Ru layer (Figure 2.1b).  The reciprocal space was sampled at the  point 
only.   
Small (33) unit cells of freestanding graphene and Ru-supported graphene 
(denoted (33) surfaces; Figure 2.2) were used in this study to allow the characteristics of 
the diffusion of the metal adatoms to be examined in detail.  These (33) surfaces 
represent several different high-symmetry C6 rings in the graphene moiré (highlighted in 
Figure 2.1).  The flat freestanding graphene (18 C atoms) was at the equilibrium lattice 
constant of 2.460 Å (corresponding to a C-C bond length of 1.420 Å; Figure 2.2a).  The 
Ru-supported graphene consisted of a layer of flat graphene laid on top of a three-layer 
Ru(0001) slab (18 C and 27 Ru atoms), in which the graphene lattice was stretched by 
10.8% from its equilibrium distance of 2.460 to 2.726 Å (corresponding to a C-C bond 
length of 1.574 Å) to match the lattice size of the Ru(0001) surface.  The fcc version 
exposed the fcc sites on the Ru(0001) surface through the C6 rings (Figure 2.2b), while 
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the hcp version exposed the hcp sites on the Ru(0001) surface through the C6 rings 
(Figure 2.2c).  The ridge version (Figure 2.2d) had the C atoms offset along the direction 
of the C-C bond by 0.787 Å, i.e., half of the C-C bond length of 1.574 Å.  After fully 
relaxing the C and top-layer Ru atoms to below 0.03 eV/Å, the graphene layer was 
located on an average at 2.100, 2.120, and 2.093 Å above the position of the un-relaxed, 
bulk-truncated top Ru layer for the fcc, hcp, and ridge versions.  The reciprocal space of 





Figure 2.2: Schematics of the (3x3) surfaces: (a) freestanding graphene; (b) fcc, (c) hcp, and (d) ridge 
versions of Ru(0001)-supported graphene.  The symmetry-irreducible zone of each surface is indicated by 
the shaded region, and the high-symmetry sites are labeled.  Graphene is shown as bonds only.  Top and 




The adsorption of the adatoms was studied on the graphene side of the slabs only, 
with the electrostatic potential adjusted accordingly [26].  The graphene and the top layer 
of Ru were fully relaxed, and the adatom was relaxed only in the z direction, for the (33) 
surfaces.  For g/Ru(0001), the Ru slab was frozen at the positions when optimized 
without the adatom; the graphene moiré was fully relaxed; and the adatom was relaxed 
only in the z direction.  Geometry optimization was converged such that the forces on all 
relaxed atoms fell below 0.05 eV/Å in all degrees of freedom.  See Appendix A for the 
results of the convergence tests that we have performed to support the convergence 
criteria for geometry optimization.  The adsorption energy of an adatom on a surface was 
calculated as E = Etotal – Esurface – Eadatom, where Etotal and Esurface are the total energies of 
the surface with and without the adatom, respectively, and Eadatom is the total energy of 
the isolated metal atom in the gas phase, calculated in a cubic cell 26 Å on each side.  A 
more negative E indicates stronger adsorption.  Minimum-energy diffusion paths were 
identified by examining the calculated PESs of each adatom on the various graphene 
surfaces.  The energies of selected transition states (TS) of diffusion on the (33) surfaces 
were verified using the climbing-image nudged elastic band (CI-NEB) method [27]. 
Atomic charges were determined using the Bader method [28] and the density-
derived electrostatic and chemical charges (DDEC) method described by Manz and Sholl 
[29, 30].  The Bader method partitions the total electron density into non-overlapping 
atomic volumes whose surfaces are perpendicular to the electron density gradient.  The 
DDEC method partitions the total electron density into overlapping atomic distributions 
that are simultaneously optimized to be chemically meaningful and to reproduce the 
electrostatic potential surrounding a material.  Bader charges were calculated using the 
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code of Henkelman and co-workers [31, 32].  DDEC charges were calculated using the 
DDEC code available at http://ddec.sourceforge.net/. 
2.3 Results and Discussion 
2.3.1 Graphene moiré on Ru(0001) 
In the optimized 12-on-11 graphene moiré structure on Ru(0001), the highest C 
atom is in the mound region and is located at 3.693 Å, and the lowest C atom is in the 
low regions and is located at 2.156 Å (both relative to the top Ru layer at its un-relaxed, 
bulk truncated position), for a maximum corrugation of 1.537 Å (Figure 2.1b).  
Experimentally the corrugation height of the graphene moiré on Ru(0001) remains 
debated.  The apparent corrugation measured by STM is observed to change with the bias 
voltage, being in excess of 1.0 Å at large negative bias but as low as 0.2 Å at large 
positive bias [17], indicating significant electronic effects.  Goodman and coworkers have 
measured the corrugation in STM to be 1.5 Å at –0.3 V [2, 3].  XRD analysis performed 
by Martoccia et al. [21] and LEED analysis performed by Moritz et al. [20] have 
concluded that the physical corrugation is 0.82 Å and 1.5 Å, respectively, while Borca et 
al. have used He ion diffraction to determine it to be 0.15 Å [22].  For the 12-on-11 
structure, GGA-PBE predicts a physical corrugation of 1.5-1.7 Å [4, 14], DFT-D2 
predicts 1.195 Å [33], and the optB86b vdW density functional [34] predicts 1.45 Å [35, 
36].  Because of the uncertainty in the experimentally measured corrugation of the 
graphene moiré on Ru(0001) and also a lack of evidence to suggest that vdW corrections 
would improve the description of the adatom adsorption, vdW interactions are not 
included in this study. 
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The graphene moiré on Ru(0001) can be divided into four regions (Figure 2.1a): a 
protruding mound region, two different low regions, and elsewhere in between that we 
term the ridge region, although a definite borderline cannot be drawn between them 
because the positions of the C sub-lattices shift continuously relative to the surface Ru 
atoms.  In the low regions, one of the two C sub-lattices (designated t1) is located directly 
above the surface Ru atoms, and the other (designated t2) is located either above the hcp 
sites on the Ru(0001) surface exposing the fcc sites through C6 rings (designated the fcc 
region), or above the fcc sites exposing the hcp sites through C6 rings (designated the hcp 
region).  In the mound region one sub-lattice is located above the fcc sites and the other 
one is located above the hcp sites.  It has been observed that metal atoms deposited on 
g/Ru(0001) overwhelmingly nucleate into clusters in the fcc region and never in the 
mound region [1, 37-39].  The different chemical affinity of the fcc and mound regions 
has also been demonstrated directly using atomic force microscopy recently [40, 41].  It 
has been suggested that the significant difference in the chemical affinity between the fcc 
region and the mound region can be attributed to the fact that C atoms in the fcc region 
undergo sp
3
 rehybridization and form metal-C bonds on the t1 sub-lattice and dangling 
bonds on the t2 sub-lattice primarily from the pz states, whereas C atoms in the mound 
region are not electronically perturbed, when compared to the same graphene moiré 
without the Ru substrate (Figure 2.3) [4, 13, 14].  We have previously shown that Au1 
adsorbed in the fcc region strongly interacts with the Ru substrate through the graphene 
[3].  Carbon sp
3
 rehybridization and through-graphene metal-metal interaction are 
therefore the underlying mechanism for the enhanced reactivity toward metal adatoms in 
the fcc region.  sp
3
 rehybridization and formation of dangling bonds also occur in the hcp 
 29 
region, but the density of states at the Fermi level is lower (Figure 2.3), which may be a 
reason for the lower reactivity of the hcp region.  Further analysis will be needed to 
elucidate the connection between the local electronic structure and surface reactivity that 





Figure 2.3: (a, b) top and side views of the charge density difference ( = total – Ru – graphene) plots for 
graphene moiré on Ru(0001).  The isosurfaces shown are ±0.008 e/Å
3
 (red/dark = density accumulation; 
blue/light = density depletion).  The graphene moiré is shown as a hexagonal wire network.  (c, d) Local 
density of states (LDOS) of the p states of several C atoms in g/Ru(0001).  See Figure 2.1 for site 
designation.  The Fermi level is indicated by a vertical dashed line.  The states near the Fermi level 




The graphene moiré on Ru(0001) gains an average of 0.039 electrons per C atom 
according to Bader charge analysis and loses an average of 0.014 electrons per C atom 
according to DDEC charge analysis.  Both of these charge analysis methods indicate 
there is little charge transfer between the metal and graphene on a per-atom basis.  
Experimentally it has been observed that the C  states are downshifted on Ru(0001), 
which suggests that the graphene becomes p-doped [42].  The surface work function is 
calculated to be 3.57 eV, consistent with the 3.5~3.9 eV reported in previous theoretical 
and experimental studies [4, 14, 42]. 
2.3.2 Adsorption and diffusion of Rh1 on the (3×3) model surfaces 
Because the mound region is located at up to 3.693 Å above the Ru(0001) surface 
and is effectively decoupled from it, we use freestanding graphene to represent it.  
Freestanding graphene (Figure 2.2a) has twelve-fold symmetry, so we sampled this 
surface in a triangular symmetry-irreducible zone of the C6 ring at the C top, C-C bridge, 
and C6 center sites, plus 4 different points inside the zone, for a total sampling density of 
61 points per C6 ring.  The resultant potential energy surfaces (PESs) are shown in Figure 
2.4a.  The most stable adsorption site is the C6 ring center site (E = –1.52 eV). 
The (33) Ru(0001)-supported graphene surfaces representing the fcc and hcp 
regions of the graphene moiré have six-fold symmetry in the C6 ring (Figures 2.2b and 
2.2c).  These surfaces are sampled in the triangular symmetry-irreducible zone at the t1, 
t2, bridge, and ring center sites, plus 6 different points inside the zone, for a total 
sampling density of 49 points per C6 ring.  The resulting PESs are shown in Figures 2.4b 
(fcc) and 2.4c (hcp).  The minimum-energy adsorption site on both surfaces is slightly off 
the t1 site toward the center of the ring, with E = –2.56 and –2.27 eV, respectively.  On 
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the (33) ridge surface (Figure 2.2d), the C6 ring has a lower, two-fold symmetry.  The 
symmetry-irreducible zone of this surface is sampled at two different top and bridge sites 
(t/t and br/br; see Figure 2.2d), and the ring center site, plus 14 different points, for 
a total sampling density of 38 points per C6 ring.  The top sites are all local maxima on 
this surface (E = –1.83 eV in the t site and –1.89 eV in the t site; Figure 2.4d).  A low 
energy corridor occurs across the C6 ring, with the minimum energy occurring at the br 





Figure 2.4: PESs for Rh1 and Au1 on the (3×3) surfaces: (a) freestanding graphene; (b) fcc, (c) hcp, and (d) 
ridge versions of Ru(0001)-supported graphene.  Upper panel is for Rh1, and lower panel is for Au1.  
Contours are generated based on interpolation as an aid to the eye only.  The minimum-energy diffusion 
path between adjacent local minima is indicated on each surface for each adatom by the dashed line.  The 




The detailed PESs show that on the (33) freestanding graphene (Figure 2.4a), the 
diffusion between adjacent C6 rings preferentially occurs across the C-C bond at the 
bridge site, with a barrier of Ea = 0.17 eV.  On the (33) fcc (Figure 2.4b) and hcp 
(Figure 2.4c) surfaces, the minimum-energy diffusion path goes through the ring center, 
with Ea = 0.16 and 0.15 eV respectively.  On the fcc surface we have verified the ring 
center to be the minimum-energy TS for local diffusion using CI-NEB calculations, and 
the energy of the CI-NEB TS agrees with that of the ring center site on the PES to within 
0.03 eV.  On the ridge surface (Figure 2.4d), the minimum-energy diffusion path between 
two adjacent local minima (the br sites) runs across the C6 ring, slightly off the center, 
with Ea = 0.15 eV. 
2.3.3 Adsorption and diffusion of Au1 on the (3×3) model surfaces 
The PESs for Au1 calculated on the same set of (33) surfaces are shown in 
Figure 2.4.  The most stable sites are the top site on the freestanding graphene (E =       
–0.11 eV; Figure 2.4a); the t2 site on the fcc and hcp surfaces (E = –1.42 and –1.13 eV 
respectively; Figures 2.4b and 2.4c); and the t site on the ridge surface (E = –0.92 eV; 
Figure 2.4d).  Qualitatively the Au1 PESs have the opposite topology of the Rh1 PESs.  
Since the ring center site is usually the local maximum, Au1 diffuses preferentially along 
the C-C bonds, unlike Rh1.  This is consistent with the closed d shell of the Au atom and 
the inability of the Au atom to coordinate simultaneously to as many ligands, including 
-bonding to arenes, as Rh is able to.  On the freestanding graphene (Figure 2.4a), 
diffusion preferentially occurs between adjacent top sites with a barrier of Ea = 0.002 eV.  
The very small diffusion barriers for Au1 and Rh1 on freestanding graphene are in 
agreement with previous calculations by Yazyev et al. [43].  On the fcc (Figure 2.4b) and 
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hcp (Figure 2.4c) surfaces, Au1 preferentially diffuses between adjacent t2 sites via the t1 
site, with Ea = 0.76 and 0.66 eV respectively.  On the fcc surface the t1 site has also been 
verified to be the minimum-energy TS for local diffusion using CI-NEB calculations, and 
the energy of the CI-NEB TS agrees with that of the t2 site on the PES to within 0.02 eV.  
On the ridge surface (Figure 2.4d), Au1 diffusion preferentially occurs between two 
adjacent t sites with Ea = 0.32 eV. 
2.3.4 Coarse-grained PESs for Rh1 and Au1 on g/Ru(0001) 
The PESs for Rh1 and Au1 on the (33) model surfaces suggest that the key local 
minima and transition states for diffusion are either the C-top site or the C6 ring center 
site; or near a top site or the center site, in which case the energetic error introduced by 
approximation with the nearest top or center site is small.  For instance, on the ridge 
surface, the transition state for Rh1 diffusion is located slightly off the ring center and is 
less than 0.1 eV lower in energy than the center site, and the transition state for Au1 
diffusion is located at a bridge site that is 0.2 eV higher in energy than the nearby t site 
(Figure 2.4c).  As a reasonable first approximation, one can limit the computational effort 
by constructing a coarse-grained PES that includes only the top and ring center sites.  
There are a total of 91 non-equivalent C-top and C6 ring center sites in the triangular 
symmetry-irreducible zone of the graphene moiré (indicated in Figure 2.1a), which 
nonetheless still require a significant amount of computing resources.  We point out that 
at least 10 times more calculations would be needed to obtain a PES at the same level of 
resolution as on the (33) model surfaces. 
The resulting coarse-grained PESs for Rh1 and Au1 on g/Ru(0001) are shown in 
Figure 2.5.  They show how the metal-C bond strength varies continuously with position 
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on g/Ru(0001).  The adsorption of Rh1 is overall the most stable in the fcc region, less 
stable in the hcp region, and least stable in the mound region.  The global minimum-
energy adsorption site is a t1 site near the center of the fcc region (labeled “A” in Figure 
2.5a; E = –2.40 eV).  The adsorption of Au1 is likewise the most stable in the fcc region 
and least stable in the mound region, although the PES for Au1 is somewhat flatter across 
the fcc and hcp regions than that for Rh1.  The global minimum-energy adsorption site is 
the t2 site at the center of the fcc region (labeled “D” in Figure 2.5b; E = –1.57 eV).  
Wang et al. reported the most stable site on g/Ru(0001) for Au1 to be a t2 site in the fcc 
region with E = –1.40 eV [4], with which our value is in good agreement.  Improving 
upon the previous work, these PESs provide a comprehensive view of how the fcc region 
presents a deeper and wider basin than the hcp region on the graphene moiré/Ru(0001) 
for the adatoms, which is consistent with the experimental observation that Rh and Au 
[1], and indeed other metals including Pt, Ru, Co, and Pd [1, 37, 39], all preferentially 
nucleate in the fcc region on g/Ru(0001) at the lowest coverage.  Nucleation outside the 
fcc region is only possible at very low surface temperature [37, 44].  The PESs also show 
how the metal-C bond strength varies systematically with position, which provides 
important information for estimating the maximum size of a nucleating single-layer metal 
cluster before the onset of multi-layer growth [45]. 
Rh1 in site A pushes the C atom beneath it downward slightly by 0.032 Å from its 
initial position in the clean graphene moiré, forming a Rh-C bond of 2.007 Å.  Au1 in site 
B pulls the C atom beneath it upward by 0.359 Å, forming an Au-C bond of 2.144 Å, 
which is also in agreement with Wang et al. who reported that Au1 in the most stable site 
pulls the C atom beneath 0.35 Å above its initial position with a Au-C bond length of 
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2.12 Å [4].  Changes of less than 0.1 Å are seen in the vertical position of the C atoms 




Figure 2.5: Potential energy surfaces (PESs) for (a) Rh1 and (b) Au1 sampled at the top and ring center sites 
in the symmetry-irreducible zone of the full g/Ru(0001) surface.  Contours are generated based on 
interpolation and overlaid onto the graphene network as an aid to the eye only.  The minimum-energy 
diffusion path for each adatom is marked by a dashed line.  Key adsorption sites in high-symmetry regions 
(“A”, “B”, “C” for Rh1; “D”, “E”, and “F” for Au1), and the highest-energy site on each path (“X”), are 
labeled; see text for detail and the Appendix material for the adsorption energy at each site. 
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Using the coarse-grained PESs we can determine the minimum-energy diffusion 
paths for Rh1 and Au1 from the global minimum-energy adsorption site in the fcc region 
of one moiré cell to that in an adjacent moiré cell.  The diffusion paths are determined 
based the following rules:  Starting at the global minimum-energy adsorption site in the 
fcc region (site A or D in Figure 2.5), the adatom travels to the most stable of the nearest-
neighbor C-top or C6 ring center site, and the process is repeated until the adatom reaches 
any point along the boundary of the triangular symmetry-irreducible zone that connects 
the hcp and mound regions.  A less-than-most-stable site may be visited if by doing so 
the adatom can avoid visiting an even less stable site.  Based on the insights gained from 
the (3×3) model surfaces, we constrain Rh1 to hop between top and ring center sites, and 
Au1 to traverse along C-C bonds only. 
The minimum-energy diffusion paths thus identified and the highest-energy site 
along each path are marked in Figure 2.5.  Alternate paths exist with only somewhat 
higher global barriers, which can be accessed with increasing probability at increasing 
temperature.  The highest-energy site on the diffusion path for Rh1 occurs in the middle 
of the triangular zone with E = –1.87 eV, giving a global diffusion barrier of Ea =        
(–1.87) – (–2.40) = 0.53 eV relative to the global minimum-energy adsorption site in the 
fcc region.  We describe the diffusion of the adatom from the global minimum-energy 
adsorption site in one moiré cell to that in another in the way usually done for local 
hopping, by assuming a rate of the Arrhenius form, r = A∙exp(−Ea/kT).  The pre-









[46].  The estimated global hopping rate between fcc regions in adjacent moiré cells at 




 for Rh1. 
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The highest-energy site on the diffusion path for Au1 occurs in the hcp region 
with E = –0.86 eV.  The global diffusion barrier for Au1 is therefore Ea = (–0.86) –      




, over a thousand 
times slower than Rh1.  The preferred direction of hopping is mostly along the fcc-hcp 
line for Au1, but by deviating closer to the mound region Rh1 lowers the diffusion barrier 
by a few hundredths of an eV.  As mentioned before, the (33) surfaces suggest that the 
energy of the global diffusion transition state may be under-estimated by up to 0.2 eV by 
not including bridge sites in the coarse-grained PES for Au1, and over-estimated by up to 
0.1 eV for Rh1 if a local saddle point occurs off-center or off-top.  Nonetheless this would 
not change the conclusion that Rh1 has a lower global diffusion barrier than Au1 on 
g/Ru(0001).  That the diffusion barrier of Au1 is higher than that of Rh1 even though the 
minimum adsorption energy of Au1 (–1.57 eV) is weaker than that of Rh1 (–2.40 eV) 
might appear counterintuitive.  The conventional rule of thumb states that the diffusion 
barrier is approximately 0.1~0.2 times the adsorption energy [47], but as noted previously 
by Nilekar et al. this rule does not reflect any fundamental physical principle [48]. 
It is instructive to compare the coarse-grained PESs with the PESs calculated on 
the (33) model surfaces.  The global minimum E, which is located in the fcc region, is 
closely captured by the (33) fcc surface, being 0.17 eV too stable for Rh1 and 0.15 eV 
too unstable for Au1 compared to the full moiré surface results (Table 2.1).  The charge 
on each adatom, on which the Bader and DDEC methods agree closely, is also closely 
captured by the (33) fcc surface (Table 2.1).  Under-prediction is seen for both adatoms 
using the freestanding graphene, indicating that the mound region of the graphene moiré 
is clearly chemically different from freestanding graphene, but for the diffusion of both 
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adatoms the mound region is of no consequence.  Furthermore, we note that the energetic 
difference between the transition state identified on the (33) ridge surface and the most 
stable site on the (33) fcc surface comes to 0.56 eV for Rh1 and 0.81 eV for Au1.  These 
values closely reflect the global diffusion barriers determined using the coarse-grained 
PESs on the full graphene moiré surface (0.53 and 0.71 eV, respectively).  These smaller 
diffusion barriers result in a 3-times (49-times) faster hopping rate for Rh1 (Au1), but the 
hopping rate for Rh1 remains orders of magnitude higher than that for Au1.  This suggests 
that this particular set of (33) model surfaces may be used to rapidly estimate the global 
diffusion barriers for other adatoms on g/Ru(0001), and produce at least a qualitative 
trend for the facility of diffusion of different adatoms on the graphene moiré, at 





Table 2.1: Adsorption energies (E, in eV) and charge of Rh1 and Au1 on the graphene 
moiré/Ru(0001) surface and on the (33) model surfaces of freestanding graphene and Ru-
supported graphene. 
moiré site E Bader DDEC (33) / site E Bader DDEC 
Rh1        
A / t1 -2.40 +0.23 +0.12 fcc / off-t1 -2.56 +0.32 +0.21 
B / t1 -2.14   hcp / off-t1 -2.27   
C / ring center -1.86   freestanding / 
ring center 
-1.52   
Au1        
D / t2 -1.57 -0.12 -0.18 fcc / t2 -1.42 -0.09 -0.12 
E / t2 -1.43   hcp / t2 -1.13   
F / top -0.53   freestanding / top -0.11   
See Figure 2.2 for site designations on the (33) model surfaces, and Figure 2.5 for site 




2.3.5 Statistical analysis 
Our DFT results thus indicate a considerably faster hopping rate for Rh1 than for 
Au1 on g/Ru(0001), particularly at low to moderate temperatures.  To explore the 
consequences of this observation we have performed lattice-based Monte Carlo (MC) 
simulations.  The graphene moiré unit cell is represented as a (12×12) lattice of identical 
sites.  The simulation surface contains a total of 4 moiré cells with 576 identical sites.  
We randomly deposit 28 atoms (~0.05 ML) onto this surface, with each atom having a 
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probability of ¼ of being deposited in a given moiré cell.  Only monomer hopping is 
considered in the simulation.  An atom always binds to a site where there is already an 
atom in a nearest neighbor site, but the probability of sticking to a site without any 
nearest-neighbor atom, , is varied in the simulations. 
In this context,  is varied to represent different characteristic diffusion lengths.  
First we stipulate that there is no diffusion across moiré cell boundaries and that all atoms 
deposited into a moiré cell stay in that cell and form one cluster, corresponding to = 1.  
The resulting probability mass function (pmf) is plotted in Figure 2.6a.  Under the given 
assumptions, the cluster size should follow a binomial distribution, and the probability of 




 (1 − p)
n-k
 
for k = 0, 1, …, n, where Cn
k 
= n! / (k!∙(n−k)!), and p is the probability of an atom falling 
into a moiré cell being considered.  The cluster size with the highest probability to occur 
is therefore 7 atoms, that is, 28 atoms divided evenly amongst the 4 moiré cells.  The 
results of the MC simulations closely reflect this (Figure 2.6a).  When  decreases to 0.1 
(Figure 2.6b), which is equivalent to atoms having longer characteristic diffusion lengths, 
the peak in the cluster size distribution is still located at around 7 atoms but visibly 
broadened.  When  is significantly smaller still (Figure 2.6c), the peak cluster size 
distribution around 7 atoms disappears completely and much larger clusters as well as 
empty moiré cells appear.  These results suggest that even deposition of atoms and a lack 
of diffusion across moiré cells after deposition are important for cluster nucleation with 




Figure 2.6: Simulation results for the probability mass function of 0.05 ML of adatom deposited on 
g/Ru(0001).  (a) = 1 (following binomial distribution); (b) = 0.1; (c) = 10
-4
.  Results are based on 100 




A limited-diffusion nucleation mode is consistent with the uniform Ir clusters 
formed at low coverage on g/Ir(111) [49], but inconsistent with the nucleation and growth 
behavior of Rh and Au deposited on graphene moiré/Ru(0001).  The binomial 
distribution would imply that a cluster is found in every moiré cell, which is not what is 
observed for Rh.  Zhou et al. [1] have reported that Rh deposited on g/Ru(0001) at room 
temperature occupies only 10~20% of all the moiré cells.  The  for Rh is clearly not 
unity.  Au, on the other hand, forms a handful of large 2D Au islands, with the number 
density being far lower than that of the Rh clusters at identical coverages [1-3].  
Considering the results of the MC simulations above, one would conclude that  for Au 
should be further from unity than  of Rh is.  The DFT-calculated global hopping rates 
for Rh1 and Au1 on g/Ru(0001), however, indicate that Rh1 has a much longer 
characteristic diffusion length than Au1.  This apparent contradiction suggests that it is 
insufficient to consider the adatom as the sole diffusing species in explaining the 
nucleation and growth behavior of at least Au deposited on g/Ru(0001).  Previous studies 
have suggested that small metal clusters such as dimers, trimers, and tetramers can have 
higher surface mobility than the adatom (e.g. Pd, Ca, and Li on MgO(100) [50-53]; Cu on 
Ag(111) [54]).  The results of studying Rh and Au dimers and trimers on g/Ru(0001) are 
discussed in Chapter 4. 
2.4 Conclusions 
An extensive set of periodic density functional theory calculations were 
performed to investigate the adsorption and diffusion of the Rh and Au adatom on the 
(12×12)-graphene moiré on (11×11)-Ru(0001).  By analyzing detailed potential energy 
surfaces (PESs) for Rh1 and Au1 on small (3×3) model surfaces representing high-
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symmetry regions on g/Ru(0001), the C-top and C6 ring center sites were identified to be 
the key sites in the diffusion of the adatoms.  Each adatom adsorbed in all 91 non-
equivalent C-top and C6 ring center sites in the symmetry-irreducible zone of the 
graphene moiré unit cell on g/Ru(0001) was calculated directly, yielding a coarse-grained 
PES.  These PESs, which encompass the full g/Ru(0001) surface, demonstrate that the 
global minimum-energy adsorption sites for both Rh1 and Au1 are located in the fcc 
region and the global maximum located in the mound region, and that the hcp region 
represents a smaller and shallower energy basin than the fcc region, all of which are 
consistent with the experimentally observed preferential nucleation in the fcc region by 
Rh and Au on g/Ru(0001).  The lowest adsorption energy is –2.40 eV for Rh1 and –1.57 
eV for Au1, both found in the fcc region.           
The minimum-energy global diffusion path between fcc regions of adjacent moiré 
cells on g/Ru(0001) runs nearly directly between the fcc and hcp regions for Au1, but 
deviates toward the mound region for Rh1.  The global diffusion barriers are 0.53 eV for 
Rh1 and 0.71 eV for Au1, corresponding to a hopping rate between fcc regions of adjacent 






 at room temperature, respectively.  The 
consequences of different mobility of adatoms to cluster nucleation and growth were 
explored by performing Monte Carlo-based statistical analysis.  It was demonstrated that 
even deposition coupled with a lack of transport across moiré cells is key to maximizing 
cluster number density and size uniformity, whereas significant transport across moiré 
cells leads to agglomeration and formation of large particles.  However, experimentally 
Rh has been observed to form clusters at greater number density than Au on g/Ru(0001) 
[1].  The apparent discrepancy between the experiment and the clearly greater mobility of 
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Rh1 than Au1 as predicted by theory suggests the need to take additional diffusing 
species, such as larger clusters, into account in understanding the nucleation and growth 
behavior of Au. 
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4D AND 5D METAL MONOMERS ON GRAPHENE/RU(0001) 
 
3.1 Introduction 
Graphene has been synthesized on several metal surfaces [1], including Co(0001) 
[2], Ni(111) [3, 4], Ru(0001) [5-11], Rh(111) [12], Ir(111) [13-15], Pd(111) [16, 17], 
Cu(111) [18, 19], and Pt(111) [20].  On these surfaces, except Co(0001) and Ni(111), 
graphene develops a moiré superstructure as a consequence of a sufficiently large 
mismatch between the lattice constants of graphene and the metal surface.  Here we take 
the graphene moiré on Ru(0001) as an example.  The graphene moiré on Ru(0001) can be 
grown to continuous, micron-scale size domains without defects or interruption by steps 
[5-11, 21] and is stable in air up to 500 K [10, 22], which makes it a potential support 
material for model catalysts under mild conditions.  The graphene moiré is seen in 
scanning tunneling microscopy (STM) as periodic arrays of regions with different 
contrasts (Figure 3.1) [5, 6, 23-25].   
The pioneering work by N’Diaye et al. demonstrated that the graphene moiré 
formed on the Ir(111) surface (denoted as g/Ir(111)) can function as a template for metal 
nanoparticle formation.  Super-lattices of Ir clusters with highly uniform size formed 
from Ir atoms vapor-deposited on g/Ir(111) were reported [26], followed by super-lattices 
of clusters of Pt and W, and of Re and Au under appropriate conditions [27].  An initial 
nucleation phase was seen in which the number density of Ir clusters grew with 
increasing amount of Ir atoms deposited but the average cluster size remained constant.  
The percentage of the moiré cells that are each occupied by an individual cluster (the 
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filling factor) reached 100% at ca. 0.05 ML, corresponding to an average size of 6~7 





Figure 3.1: (a) STM image of single-layer graphene on Ru(0001) (Vsample = +0.1 V, Itunneling = 0.2 nA, 
100×100 nm2) with a typical low energy electron diffraction pattern shown in inset.  Reproduced with 
permission from [24], © 2012 by the American Physical Society.  (b) Zoomed in STM image (Vsample =      
–0.3 V, Itunneling = 1.0 nA, 8×8 nm
2
) with the moiré supercell and its different regions indicated.  Both STM 




Potentially the deposited metal, the substrate metal, and the graphene-substrate 
coupling could all be varied [28-32] to produce a series of cluster materials.  So far a few 
combinations have been attempted on graphene moiré other than g/Ir(111), including Co, 
Fe, Ru, Rh, Pd, Pt, and Au on g/Ru(0001) [11, 25, 33-38]; a mixture of Ru and Pt on 
g/Ru(0001) [30]; Ni on g/Rh(111) [12]; and Au on g/Pt(111) [39].  The desired 
monodispersity and structural uniformity of the clusters have been elusive.  Zhou et al. 
[11] reported that at sub-monolayer coverage, Rh formed dispersed nanoparticles several 
nanometers in diameter on g/Ru(0001) at room temperature.  Deposition of 0.1~0.6 ML 
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of Pd, Co, or Au atoms resulted in the formation of a few very large particles [11, 25].  
Rh, Pd, Co, and Au failed to occupy most of the moiré cells with individual clusters.  At 
ca. 0.15 ML, Engstfeld et al. [30] reported that the filling factor topped at ca. 50% for Ru 
and 30% for Pt when deposited on g/Ru(0001) at ca. 300 K.  A filling factor of nearly 
100% on g/Ru(0001), however, was achieved by Donner et al. for Pt at 140~180 K [35] 
and by Engstfeld et al. at 230-250 K for Ru [30].  The experimental results on 




Table 3.1: Summary of experimental conditions and results in previous studies of self-assembled 













Pan et al. 
a
 Pt RT 0.01 ML/min 0.02-0.36 ML 10-40% * 
Donner et al. 
b
  Pt 140-180 K 0.03 ML/min 0.06-0.24 ML 53-100% 
Zhou et al. 
c
 Co, Pd, Au 
Rh 
RT 0.1 ML/min 0.1-0.6 ML 
0.05-0.80 ML 
very low * 
15% * 
Sutter et al. 
d
 Ru 200 K n/a 0.30 ML 30% * 








n/a ≤ 0.15 ML 50% 
100% 
30% 
RT = room temperature.  n/a = no information given.  * = estimated based on published STM images.  














 Ref. [30] 
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To begin to quantify the diffusion of small metal species on g/Ru(0001), we have 
performed an extensive DFT-based study of the diffusion of the Rh and Au adatoms on 
the full (12×12)-graphene moiré-(11×11)-Ru(0001) surface [40].  The results were 
presented in Chapter 2. We demonstrated that the global diffusion barrier of the adatoms 
(for traversing between the fcc regions of neighboring moiré cells) can be efficiently 
estimated by studying the local adsorption and diffusion characteristics in the different 
regions of the graphene moiré, represented by small graphene/Ru(0001) surface models 
that reflect the different positions of the graphene lattice relative to the Ru surface in each 
region (Figure 2.2).  This insight allowed us to estimate the global diffusion barrier for 
Rh1 and Au1 to be 0.56 and 0.81 eV respectively, in close agreement with the global 
diffusion barriers determined using the PESs of the full moiré surface (0.53 eV for Rh1 
and 0.71 eV for Au1).  In this Chapter, we use the small surface models to study the 
adsorption and diffusion of the adatoms of all 18 4d and 5d transition metals (Y, Zr, Nb, 
Mo, Tc, Ru, Rh, Pd, Ag, La, Hf, Ta, W, Re, Os, Ir, Pt, and Au) on g/Ru(0001).  We show 
that the fcc region is the globally preferred adsorption site for all of these metals, and that 
the earlier 4d and 5d metal adatoms tend to have stronger adsorption energies and 
moreover, higher global diffusion barriers.  The findings are discussed in the context of 
available experimental observations to shed light on the fundamental factors that affect 
the nucleation behavior of different metals on g/Ru(0001). 
3.2 Methods 
Periodic DFT calculations were performed using the Vienna Ab Initio Simulation 
Package [41-43] in the generalized gradient approximation (GGA-PBE) [44].  The core 
electrons were described by the projector augmented wave method [45], while the Kohn-
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Sham valence states (Y(4s4p4d5s); Zr(4p4d5s); Nb(4p4d5s); Mo(4p4d5s); Tc(4p4d5s); 
Ru(4d5s); Rh(4d5s); Pd(4d5s); Ag(4d5s); La(4p5s5d6s); Hf(5d6s); Ta(5d6s); W(5d6s); 
Re(5p5d6s); Os(5d6s); Ir(5d6s); Pt(5d6s); Au(5d6s)) were expanded in plane wave basis 
sets up to 400 eV.  Electronic energy was converged to 10
-5
 eV.  A first-order Methfessel-
Paxton scheme [46] was used to smear the electronic states with a width of 0.1 eV.  The 
optimized Ru lattice constant a = 2.726 Å and c = 4.302 Å and graphene lattice constant 
a = 2.460 Å are in good agreement with the experimental values (a = 2.706 Å and c = 
4.28 Å; a = 2.46 Å) and the previous computational results [47-50].  A vacuum space of 
~13 Å was used to separate neighboring images in the z direction.  Our previous study 
suggested that spin polarization was not important [40], so it was not included in these 
calculations. 
Freestanding graphene and Ru(0001)-supported graphene with (3×3) surface unit 
cells (Figure 2.2) were used in this study to represent several different high-symmetry C6 
rings in the graphene moiré supercell on Ru(0001) (highlighted in Figure 2.1a).  The 
freestanding graphene unit cell (consisting of 18 C atoms; Figure 2.2a) was at the 
equilibrium lattice constant of 2.460 Å (corresponding to a C-C bond length of 1.420 Å).  
The Ru(0001)-supported graphene consisted of a single layer of flat graphene laid on top 
of a three-layer Ru(0001) slab (for a total of 18 C and 27 Ru atoms in the unit cell), 
where the graphene in-plane lattice was stretched by 10.8% from 2.460 Å to 2.726 Å 
(corresponding to a C-C bond length of 1.574 Å) to match the lattice size of the Ru(0001) 
surface.  The fcc version exposed the fcc sites on the Ru(0001) surface through the C6 
rings (Figure 2.2b), while the hcp version exposed the hcp sites on the Ru(0001) surface 
through the C6 rings (Figure 2.2c).  In the ridge version (Figure 2.2d) the C atoms were 
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offset along the direction of the C-C bond by 0.787 Å, i.e., half of the C-C bond length of 
1.574 Å.  After fully relaxing the C and top-layer Ru atoms to below 0.03 eV/Å, the 
graphene layer was located at 2.100, 2.120, and 2.093 Å above the bulk-truncated 
position of the initial un-relaxed Ru(0001) surface in the fcc, hcp, and ridge versions, 
respectively.  The minimum Ru-graphene separation in the full graphene moiré/Ru(0001) 
unit cell was calculated to be 2.156Å [40].  The experimentally measured Ru-graphene 
separation ranged from 1.5-2.2Å [36].  A -centered 551 Monkhorst-Pack k-point grid 
was used to sample the reciprocal space of the unit cells of both the freestanding and the 
Ru(0001)-supported graphene. 
The adsorption of the adatoms was studied on the graphene side of the slabs only, 
with the electrostatic potential adjusted accordingly [51].  The adatom, the graphene, and 
the top layer of Ru were relaxed in the z direction only.  Geometry optimization was 
converged to when the forces on all relaxed atoms fell below 0.05 eV/Å in all degrees of 
freedom.  The adsorption energy of an adatom on a surface was calculated as E = Etotal – 
Esurface – Eadatom, where Etotal and Esurface are the total energies of the surface with and 
without the adatom, respectively, and Eadatom is the total energy of the isolated metal atom 
in the gas phase, calculated in a cubic cell 26 Å on each side.  A more negative E 
indicates stronger adsorption. 
3.3 Results and Discussion 
3.3.1 Fcc and hcp g/Ru(0001) surfaces 
On the (33) fcc and the hcp g/Ru(0001) surfaces there are four high-symmetry 
sites in the C6 ring: two C top sites, the bridge site in the middle of each C-C bond, and 
the ring center site (Figures 2.2b and 2.2c).  The two C top sites are differentiated by 
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whether there is a Ru atom beneath; the t1 C is located above a 1
st
 layer Ru atom, 
whereas the t2 C is located above a surface hollow site.  To generate the PES of each 
adatom on the two surfaces, we calculated the adsorption energy of each adatom at two 
positions that trisect each of the three lines that connect the ring center site and the t1, t2, 
and bridge sites in addition to the high-symmetry sites, for a total of 10 calculations 
describing 1/6
 
of the C6 ring (the highlighted triangular section in Figures 2.2b and 2.2c), 
or for a total sampling density of 49 points per C6 ring.  For each calculation, the adatom 
is fixed in the x and y direction and only allowed to relax in the z direction.  The PESs for 
Y, Rh, Pt, and Au on the fcc g/Ru(0001) surface are shown Figure 3.2 as examples for 
early, mid, and late transition metals.  The PESs for the other metals, as well as the 
corresponding PESs on the hcp g/Ru(0001) surface, are found in Appendix B.  The 
minimum adsorption energy and the corresponding adsorption site on the fcc and the hcp 
surfaces are listed in Table 3.2 for the 18 adatoms.  Our previous study [40] found that 
the (33) g/Ru(0001) surfaces provide close approximations of the minimum adsorption 
energies of the adatoms as calculated on the full graphene moiré/Ru(0001) surface (e.g. 




Figure 3.2:  Potential energy surfaces of the Y, Rh, Pt, and Au adatom on the (3×3) fcc (left) and ridge 
(right) g/Ru(0001) surfaces.  Adsorption energy is in eV.  One C6 ring is shown for brevity.  Contours are 
generated based on interpolation as an aid to the eye.  The minimum-energy diffusion path between 
adjacent local minima is indicated on each surface by a dashed line.  One transition state on each path is 




For all the adatoms in this study, adsorption is stronger in the fcc region than in 
the hcp region.  This is consistent with the observation that clusters nucleate 
preferentially in the fcc region of graphene moiré/Ru(0001) for all the metals investigated 
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experimentally so far.  Nucleation outside the fcc region is seen experimentally only 
when the surface temperature is very low [27, 35].  When the minimum adsorption 
energy for each adatom (Efcc) is plotted against the atomic number of the metal (Figure 
3.3), the curves exhibit a double valley behavior for both the 4d and the 5d metals, with 
the peaks (weaker adsorption) corresponding to metals with a half-filled or completely 
















 for Au).  It 
is commonly accepted that a half-filled or completely filled d-shell is more stable than 
other configurations.  To the extent that the metal adatom-surface interaction primarily 
involves the d states from the metals, a more stable d-shell should result in less stable 
adsorption of the metal adatom. 
The 4d and 5d metals exhibit similar adsorption site preference.  As can be seen in 
Table 3.2, the preferred adsorption site is the ring center for the early transition metals, 
and shifts to the bridge site and finally the top site going from the left to the right of the 
periodic table.  In addition, the metals with half-filled and completely filled d-shells (Mo, 
Ag, and Au) prefer less-coordinated sites than the neighboring metals on the periodic 




Table 3.2: Minimum-energy adsorption site, associated adsorption energy (E, 
in eV), and activation barrier for diffusion (Ea, in eV) on freestanding graphene 
and graphene/Ru(0001). 
 
adatom freestanding graphene graphene/Ru(0001) 
metal Site E Ea site Efcc Ehcp Ea,fcc Ea,moiré 
Y center -1.49 0.37 center -2.31 -2.15 0.34 0.88 
Zr center -2.09 0.64 center -3.01 -2.79 0.49 1.20 
Nb center -1.59 0.55 center -2.58 -2.21 0.38 1.15 
Mo bridge -0.17 0.01 t1 -1.17 -0.83 0.07 0.80 
Tc center -1.00 0.57 center -1.86 -1.53 0.30 0.83 
Ru center -1.59 0.65 t1 -2.40 -2.00 0.22 0.87 
Rh center -1.54 0.17 t1 -2.56 -2.27 0.25 0.56 
Pd bridge -1.07 0.04 bridge -1.43 -1.35 0.18 0.24 
Ag Top -0.03 0.00 t2 -0.57 -0.36 0.49 0.53 
La center -1.97 0.29 center -2.59 -2.42 0.36 1.00 
Hf center -1.56 0.39 center -3.17 -2.87 0.57 1.38 
Ta center -1.72 0.82 center -3.34 -2.95 0.82 1.73 
W bridge -0.49 0.03 t1 -2.17 -1.83 0.23 1.07 
Re top -0.04 0.00 t1 -1.49 -1.11 0.20 0.96 
Os center -0.99 0.58 t1 -2.38 -1.96 0.44 0.99 
Ir bridge -1.21 0.09 t1 -2.62 -2.20 0.52 0.86 
Pt bridge -1.51 0.17 bridge -2.59 -2.31 0.39 0.75 





Figure 3.3: Minimum adsorption energies (E) of the 18 4d and 5d transition metal adatoms on the 
freestanding graphene and (3×3) fcc graphene/Ru(0001) surfaces, plotted as a function of the atomic 





Next, we examined the PESs of the adatoms to assess the local diffusion 
properties of each adatom, here taking the fcc region as an example.  Each PES plot 
reveals the contours of the local potential energy surface for an adatom, thereby allowing 
us to visually identify the minimum-energy diffusion path for the adatom to diffuse from 
the minimum-energy adsorption site across the C6 ring, and to estimate the diffusion 
activation barrier (Ea,fcc) associated with the path, defined to be the difference between 
the maximum and minimum energies on the path, without having to perform transition 
state calculations.   
The early-to-mid transition metals (e.g. Y and Rh, Figure 3.2) prefer to adsorb in 
the ring center site and t1 site, and their minimum-energy diffusion paths traverse the C6 
ring between the ring center site and t1 site while avoiding the t2 site.  The late transition 
metals (e.g. Pt and Au, Figure 3.2) are the least stable in the ring center site, so their 
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minimum-energy diffusion paths avoid the ring center site and run along the C-C bonds 
instead.  The Ea,fcc for the 18 adatoms thus estimated are listed in Table 3.2.  The Ea,fcc for 
the 4d metals are on average smaller than those for the 5d metals.  Our results in Chapter 
2 verified the local diffusion barrier for Rh1 and Au1 using the climbing-image nudged 
elastic band method [52] to be 0.22 and 0.76 eV, respectively, with which the estimated 
values based on the PESs (0.25 and 0.76 eV) are in close agreement [40].  Recent DFT 
calculations by Wang et al. found the diffusion barrier for Pd1 on g/Ru(0001) to be ≤ 0.2 
eV, and that the barrier roughly scales with 0.2 eV per contacting Pd atom for larger Pd 
clusters [38].  This agrees with our estimated value of diffusion barrier (0.24 eV) for Pd1 
on g/Ru(0001).  By assuming that the local hopping of adatoms follows an Arrhenius rate 




 [53], we 
calculate all of the adatoms to have hopping rates significantly greater than 1 s
-1 
on the 
fcc g/Ru(0001) surface at room temperature, with the exception of Ta and Au.  Thus 
nearly all of the metal adatoms can diffuse rapidly at room temperature in the fcc region 
of g/Ru(0001). 
3.3.2 Freestanding graphene 
To gain an idea of how the Ru(0001) substrate affects the adsorption of adatoms 
on graphene compared to freestanding graphene, we calculated the PESs of all 18 
adatoms on freestanding graphene.  The freestanding graphene also approximately 
represents the mound region of the graphene moiré [40] due to the graphene being 
effectively decoupled from the Ru substrate in this region [47, 48, 54].  Besides the high-
symmetry top, bridge, and ring center sites, the adsorption of each adatom is calculated at 
two additional positions between each pair of the high-symmetry sites, for a total 
 60 
sampling density of 61 points per C6 ring.  The minimum adsorption energies (E) for all 
18 adatoms on the freestanding graphene are also plotted in Figure 3.3, and are listed 
with the preferred adsorption sites in Table 3.2.  Our results agree closely with previously 
reported DFT adsorption energies for several metal adatoms on freestanding graphene 
[49, 50, 55-58].  Like on g/Ru(0001), E on the freestanding graphene exhibits a double 
valley behavior with peaks corresponding to metals with a half-filled or completely filled 
d shell (Mo, Re, Ag, and Au).  The near-zero adsorption energies for the four metal 
adatoms also suggest that the metal s-carbon sp interaction is weak.  A similar double 
valley behavior has been reported for 3d metal adatoms adsorbed on freestanding 
graphene, with the weakest adsorption energy occurring for Mn and Cu [55, 59].  The 
early transition metal adatoms preferentially adsorb in the ring center site, and the trend is 
for the preferred adsorption site to shift to the bridge site and finally to the top site going 
from the left to the right of the periodic table.  As on the fcc g/Ru(0001) surface, Mo, Ag, 
Re, and Au prefer less-coordinated sites than the neighboring metals on the periodic 
table. 
As Figure 3.3 shows, the adsorption of the adatoms on the freestanding graphene 
is consistently weaker than on the fcc g/Ru(0001) surface.  The differences are over 1 eV 
for some metals.  This is consistent with the fact that the original graphite basal plane 
(including graphene) is well known to be chemically inert.  When graphene is supported 
on the Ru(0001) surface, the interaction between the two surfaces partially disrupts the π-
bonding network in the graphene, causing some regions in the graphene to sp
3
-
rehybridize, as mentioned in Chapter 2, which enables through-carbon metal-metal 
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bonding [25, 54] that substantially enhances the adsorption of even the Mo, Re, Ag, and 
Au adatoms, which have half-filled or completely filled d shells. 
Figure 3.4 shows the PESs for the Y, Rh, Pt, and Au adatoms as examples.  The 
PESs for the remaining adatoms are found in the Appendix B.  For the adatoms that 
preferentially adsorb in the ring center site, the minimum-energy diffusion paths begin at 
the ring center and cross the C-C bond.  For the later transition metals that preferentially 
adsorb in the bridge or the top site, the minimum-energy diffusion paths run along the C-
C bond and avoid the ring center.  This pattern is the same as on the fcc g/Ru(0001) 
surface as discussed above.  Overall, not every adatom has a lower diffusion activation 
energy on the freestanding graphene than on the fcc g/Ru(0001) surface, but all except Ta 
have a hopping rate that is greater than 1 s
-1 





Figure 3.4: Potential energy surfaces of the Y, Rh, Pt, and Au adatoms on freestanding graphene.  
Adsorption energy is in eV.  One C6 ring is shown for brevity.  Contours are generated based on 
interpolation as an aid to the eye.  The minimum-energy diffusion path between adjacent local minima is 






3.3.3 Diffusion between moiré cells 
An additional (33) surface model was used to represent the ridge region between 
the fcc and hcp regions on the moiré where the C and the Ru atoms are misaligned.  This 
surface has a lower, two-fold symmetry (highlighted in Figure 2.2d), vs. the six-fold 
symmetry of the fcc and hcp regions.  There are five high symmetry sites, including two 
top sites, two bridge sites, and a ring center site (Figure 2.2d).  To construct the PESs on 
the ridge surface two additional calculations are performed between each of the top and 
bridge sites with the ring center site, resulting in a total sampling density of 38 sites per 
C6 ring.  Figure 3.2 shows the PESs of the Y, Rh, Pt, and Au adatoms on the ridge 
surface.  Those of the other metals are included in the Appendix B. 
Our previous study [40] found that the (33) ridge and fcc g/Ru(0001) surfaces 
can be used together to generate good estimates for the global diffusion barriers for metal 
adatoms.  For instance, the energetic difference between the minimum-energy diffusion 
transition state identified on the (33) ridge surface and the minimum-energy adsorption 
site on the (33) fcc surface are 0.56 eV for Rh1 and 0.81 eV for Au1, in close agreement 
with the global diffusion barriers (Ea,moiré) determined using the coarse-grained PESs on 
the full graphene moiré (0.53 and 0.71 eV, respectively) [40].  We can take advantage of 
this approach and explore the diffusion rates of the 18 4d and 5d transition metal adatoms 
on the graphene moiré on Ru(0001) at less computational cost than would be required to 
tackle the full moiré surface for each adatom.  The Ea,moiré thus estimated are listed in 
Table 3.2, and the corresponding global hopping rates at room temperature are plotted in 





, i.e., 1/10 of the pre-exponential factor for local diffusion [60].  The values of 
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Ea,moiré are generally higher than that of Ea,fcc, indicating that the corrugation of the moiré 
plays a dominant role in limiting the facility with which metal adatoms diffuse on the 
graphene surface.  The earlier transition metal adatoms tend to have lower global hopping 
rates, and the 4d metal adatom generally has a higher diffusion rate than the 5d metal 





Figure 3.5: Global hopping rates (s
-1
) of the 18 4d and 5d transition metal adatoms on g/Ru(0001) at 298 









Before further discussion we briefly comment on the generally accepted rule of 
thumb that the surface diffusion barrier of an adatom is 10~20% of its adsorption energy 
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[53].  To assess its applicability to the global diffusion of the metal adatoms on 
g/Ru(0001), Ea,moiré is plotted against Efcc for the 4d and 5d metals in Figure 3.6.  There 
is considerable scatter in the plot.  A rough linear trend with a slope of 0.21 and R
2
 = 0.56 
can be obtained if Ta, Rh, and Pd are excluded as outliers.  Individual examples counter 
to the rule can be found, e.g., the Rh and Au adatoms, for which the adsorption energy is 
stronger for the former and the global diffusion barrier is higher for the latter [40].  Thus 
the rule can break down for diffusion traversing multiple chemically heterogeneous 
domains on a given surface, as is true for graphene moiré on Ru(0001).  As noted by 
Nilekar et al., this rule offers a convenient way to estimate diffusion barriers but does not 
reflect any fundamental physical principle [61]. 
As has been pointed out, substrate temperature is an important factor in template-
controlled cluster formation [62].  We illustrate the effects of the factors that can 
influence the outcome of cluster nucleation on graphene moiré in Figure 3.7.  Based on 
Figure 3.6 we assume here for simplicity that there is a linear relation between the global 
diffusion barrier and the adsorption energy of the metal adatoms.  A strong adsorption 
energy would increase the probability that a metal adatom nucleates a metal cluster, but 
decrease the diffusion length of the adatom so that it visits fewer moiré cells, which could 
result in nucleation outside fcc regions and uneven cluster sizes.  A weak adsorption 
energy would increase the diffusion length and allow better sampling of the surface, but 
reduce the probability for an adatom to nucleate a cluster, leading to fewer and larger 
clusters.  An intermediate adsorption energy (E0) should exist where the filling factor is 




Figure 3.6: Global diffusion barriers (Ea,moiré) plotted against the global minimum adsorption energy (Efcc, 
as found on the fcc surface) for the 18 4d and 5d transition metal adatoms on g/Ru(0001).  The line is the 




E0 is influenced by both the substrate temperature (T) and by the coverage of the 
metal atoms deposited ().  A change in either of the two would shift both of the lines in 
Figure 3.7 and therefore shift the location of the maximum filling on the E axis:  Higher 
temperature would decrease the nucleation probability and increase the diffusion length, 
thereby shift E0 to stronger-adsorbing metals (E0
’
 in Figure 3.7) whereas higher 
coverage would increase the nucleation probability and decrease the diffusion length, 
thereby shift E0 to weaker-adsorbing metals (E0
”
 in Figure 3.7).  It should be noted that 
we are focusing on the nucleation phase of the cluster formation on g/Ru(0001), which 
occurs within a fraction of a monolayer equivalent for the deposited metal.  The 
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nucleation density, diffusion length, and coverage could also be compared on the 
corresponding rates basis:  The rate of deposition should have the same effect on the rate 





Figure 3.7: Schematic illustrating the effects of substrate temperature (T) and deposition coverage () on 
the ability of transition metals with different adatom adsorption energies (E) to achieve high filling of 
moiré cells with clusters of even size distribution.  The intermediate adsorption energy that corresponds to 
the highest filling factor at given conditions, E0, is shown as a balance between the diffusion length and 
nucleation density, both of which are functions of T and .  A change in T and  therefore causes E0 to 




).  See text for discussion. 
 
 
As mentioned at the beginning, a filling factor of nearly 100% on g/Ru(0001) was 
achieved for Pt at 140~180 K [35] and at 230-250 K for Ru [30], while 200 K was 
evidently too low a temperature for Ru [36].  Using the Arrhenius rate equation, it can be 








 (somewhat lower for Pt1 and higher for Ru1), using Ea,moiré = 0.75 




.  The 




.  If this is taken to be the global hopping rate that 
maximizes the filling factor at room temperature, then Figure 3.5 suggests that E0 
occurs at Zr and Hf at room temperature.  None of the 4d and 5d transition metals tested 
experimentally so far has exceeded 50% filling when deposited on g/Ru(0001) at room 
temperature (see Table 3.1; although it is unclear if any metal can achieve 100% filling at 
room temperature).  When the temperature is lowered, E0 shifts to Ru and then to Pt 
[30, 35].  N’Diaye et al. showed that the filling factor can be increased for Au and Re on 
g/Ir(111) if the substrate temperature is lowered to 90 and 200 K respectively [27]. Liu 
and co-workers showed that high deposition coverage of Au resulted in the nucleation of 
more Au particles on g/Ru(0001) [33]. 
Several caveats to the discussion above need to be noted.  The adatom adsorption 
energy is only a proxy for adatom mobility.  Figure 3.6 shows that the correlation 
between the global diffusion barriers and minimum energy adsorption energies of the 
adatoms is considerably scattered, and the global diffusion barriers themselves are based 
on estimates.  Second, adatoms may not be the main contribution to diffusion.  Our 
results in Chapter 4 indicate that the Au dimer has higher mobility on g/Ru(0001) than 
the Au adatom because Au2 favors the upright configuration [60].  A further issue is that 
the disparity between the affinities of the early transition metals for graphene and for Ru 
may lead to the facile penetration and intercalation of the deposited metal below the 
graphene, as has been demonstrated for Ce on g/Ru(0001) for instance [29].  Nonetheless, 
Figure 3.7 suggests a simple way to conceptualize and predict the effects of the key 
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factors controlling cluster nucleation on graphene moiré that is qualitatively consistent 
with existing experimental results and may be exploited by experimental researchers who 
wish to test the deposition of additional metals on g/Ru(0001). 
3.4 Conclusions 
Long-range moiré superstructures develop in graphene formed on a number of 
single crystal surfaces, which can function as templates to drive the self-assembly of 
superlattices of metal clusters for model catalyst studies.  To shed light on, and make 
predictions for, the nucleation behavior of different metals deposited on the graphene 
moiré/Ru(0001) surface, we have performed periodic density function theory calculations 
using a series of (3×3) surface models representing the fcc, hcp, mound, and ridge regions 
of the graphene moiré to investigate the adsorption and diffusion characteristics, and to 
estimate the global diffusion barriers, for all 18 4d (Y-Ag) and 5d (La-Au) metal adatoms 
on g/Ru(0001). 
For all the adatoms, the global minimum-energy adsorption site is found in the fcc 
region and the global maximum in the mound region, consistent with the previous 
experimental observations that nucleation almost exclusively occurred in the fcc region 
and never in the mound region [11, 30, 34-36].  For each series of the transition metals, 
those that have a half-filled or completely filled d shell have the weaker adsorption 
energies.  By comparing the g/Ru(0001) surfaces with the freestanding graphene, it is 
clearly seen that the Ru substrate enhances the adsorption of all 18 adatoms on graphene. 
Diffusion within the fcc region is facile at room temperature for most adatoms 
(with the notable exception of Ta), but an additional barrier is imposed by the corrugation 
of the graphene moiré for traversing between moiré cells.  Ta is an outlier due to its 
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considerably strong adsorption on g/Ru(0001), which is partly attributed to the strong 
interaction between Ta and Ru.  Overall, the adatoms of the earlier transition metals have 
lower global mobility than those of the later ones, and the adatom of a 5d transition metal 
has lower global mobility than that of the corresponding 4d transition metal in the same 
group in the periodic table.  We postulate that the maximum filling factor of the graphene 
moiré cells is achieved as a balance between nucleation density and diffusion length, both 
of which can be connected to the global mobility of the metal adatom (if it dominates 
surface diffusion), which is in turn connected to the adsorption energy of the adatom of 
g/Ru(0001).  Substrate temperature and coverage of metal atoms deposited are expected 
to influence nucleation density and diffusion length in opposite ways, thereby shifting the 
intermediate adsorption energy where the filling factor is maximized to different metals.  
The expected effects are consistent with available experimental results, suggesting that 
these insights may help experimental researchers achieve dense super-lattices of clusters 
of additional transition metals on g/Ru(0001), for applications including model catalysis 
studies. 
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CHAPTER 4 
RH AND AU DIMERS AND TRIMERS ON GRAPHENE/RU(0001) 
 
4.1 Introduction 
 We aim to understand the adsorption and diffusion of small cluster species on 
graphene moiré as a step towards understanding mechanism of cluster nucleation and 
growth.  We previously studied Rh and Au monomers on graphene/Ru(0001) (denoted as 
g/Ru(0001)) [1].  Rh and Au were chosen as our focus because of their distinct patterns in 
forming clusters on g/Ru(0001) [2].  We characterized the adsorption and diffusion of Rh 
and Au adatoms on the full surface of g/Ru(0001) and in its different regions.  A 
supercell of (12×12) graphene/(11×11) Ru(0001) with a periodicity of ~30 Å was used to 
perform the computational calculations since this surface unit cell is the one most 
experimental groups have observed and identified [3-6].  A detailed study of monomer 
adsorption and diffusion in different regions was achieved by using a smaller (3×3) unit 
cell representation of each region.  We have found that Rh and Au monomers are 
energetically most stable in the fcc region.  Their diffusion between two neighboring fcc 
regions proceeds through the ridge and hcp regions.  The overall diffusion barrier for a 
monomer to diffuse across the moiré surface in this way was found to be 0.53 eV for Rh 
and 0.71 eV for Au.   
 Our previous results for Rh and Au monomers on g/Ru(0001) show that they are 
both mobile on the moiré surface.  Monomer diffusion alone, however, is not sufficient to 
describe the growth mechanism of clusters of these metals on the surface.  Conventional 
descriptions of cluster diffusion assume that cluster mobility drops rapidly as the cluster 
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size increases.  For example, Voter showed that for Rh clusters on Rh(100), the diffusion 
constant scales as n
-1.76 ± 0.06
 for clusters larger than n = 15 atoms [7].  Examples are 
known, however, where diffusion of sizeable clusters occurs.  Wen et al. reported that Ag 
clusters on Ag(100) containing hundreds of atoms have significant mobility [8] and other 
direct observations of large cluster diffusion on surfaces have also been made [9-11].  
Multiple studies [12-21] have shown that small clusters (dimer, trimer, etc.) are mobile 
on surfaces and their motion should be included in a proper description of cluster 
nucleation and growth.  For example, a recent study by Signor et al. on linear Cu trimers 
on Ag(111) showed that trimers, once formed, have significantly higher mobility than 
either monomers or dimers [15].  Xu et al. pointed out that for Pd diffusion on 
MgO(100), the tetramer is the fastest diffusing species at room temperature [16, 17].  
Studies of small Ag, Au, Pd, Cu and Ca clusters on MgO(100) show that small clusters 
such as dimers, trimers, and tetramers are mobile on the surface at the operating 
temperature of molecular beam epitaxy (MBE) experiments and they display a variety of 
diffusion mechanisms [18, 19].   
The discussion above indicates that a description of the mobility of small metal 
clusters on the g/Ru(0001) surface is necessary before efforts can be made to describe 
cluster nucleation and growth.  In this Chapter, we address the issue of small cluster 
diffusion on this graphene moiré surface by reporting DFT calculation results of the 
lowest-energy structures, diffusion energy barriers, and room temperature hopping rates 
of dimers and trimers for Rh and Au.  We also extend our study to other 4d and 5d 




 All periodic DFT calculations [22] were performed using the Vienna Ab Initio 
Simulation Package (VASP) [23-26].  A cutoff energy of 400 eV was used with the 
Perdew-Burke-Ernzerhof (PBE) [27, 28] exchange-correlation functional within the 
generalized gradient approximation (GGA).  First-order Methfessel-Paxton smearing [29] 
was used with a width of 0.1 eV and the core electrons were described by the projector 
augmented-wave (PAW) method [30, 31].  The optimized Ru lattice constant, a = 2.726 
Å and c = 4.035 Å, and the graphene lattice constant, a = 2.46 Å, are in good agreement 
with reported experimental and computational values [6, 32-34].  A vacuum space of 
12.85 Å was used to separate the Ru slab replicas.  The impact of spin polarization was 
checked for Rh2 and Au2 on all surface models.  The residual magnetic moments lower 
the total energy by less than 0.001 eV in every case, indicating that the more numerically 
efficient calculations that neglect spin polarization are sufficient. 
 Performing DFT calculations for the full graphene moiré on Ru(0001) is 
challenging because of the large size of the supercell.  Motivated by our earlier work on 
metal monomers on this surface [1], we used smaller supercells to approximate the 
graphene moiré in the fcc, hcp, and ridge regions.  A (3×3) Ru(0001) supercell was used 
to study the adsorption and diffusion of dimer and trimer in each of the three distinct 
regions in detail.  Each supercell contains a layer of graphene on top of a three-layer 
Ru(0001) slab, giving a total of 18 C atoms and 27 Ru atoms.  The graphene was 
stretched by 10.8% from its equilibrium lattice constant to match the lattice constant of 
Ru surface.  This smaller supercell was verified to produce consistent results with 
calculations on full supercell.  The differences in adsorption energy of Rh and Au 
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monomers in the fcc region between the (3×3) supercell and full (12×12) supercell are 
less than 5% [1].  As described in Chapter 2, in the (3×3) supercells, the graphene layer 
was shifted horizontally in different extents with respect to the Ru slab to expose 
different sites of Ru through the center of 6-carbon rings.  No carbon atom was 
constrained in the fcc and hcp regions because of their 3-fold symmetry.  In the ridge 
region, however, the in-plane coordinates of two adjacent carbon atoms were constrained 
to keep the graphene in the right position with respect to Ru surface.  We also performed 
calculations with a (3×3) unit cell of freestanding graphene with 18 C atoms at its 
equilibrium lattice constant.  This is a reasonable representation of the atop region of the 
graphene moiré because the C atoms in the atop region are located at 3.70 Å above the 
Ru layer and the Ru substrate effect on graphene is negligible [1].  Using freestanding 
graphene to approximate atop region was supported by the analysis of Wang et al. who 
proposed that the atop regions form an array of electronically disconnected nanographene 
islands [35].  A 3×3×1 Γ-centered k-point mesh was used to sample reciprocal space for 
all calculations in the (3×3) supercell.    
 Ground-state energy calculations were performed with the bottom two layers of 
Ru slab fixed.  All other atoms were allowed to fully relax, except the two carbon atoms 
in the ridge region as mentioned above.  Geometry relaxations were achieved using a 
combination of conjugate-gradient and quasi-Newton optimization until the forces on all 
atoms were less than 0.03 eV/Å.  The adsorption energy of a dimer on the surface was 
given by Eads = Edimer+surface – Esurface – Edimer(g), where Edimer+surface and Esurface are the total 
energies of the surface with and without the dimer, and Edimer(g) is the total energy of the 
 79 
dimer in gas phase.  The adsorption energy formula for a trimer is similar.  With this 
definition, a more negative Eads indicates a stronger adsorption. 
 Diffusion barriers were calculated using the climbing image nudged elastic band 
(NEB) method [36].  A number of different diffusion pathways in both stepwise and 
concerted modes were investigated for each dimer and trimer species in different regions 
of graphene moiré.  The initial and final states are assumed to be the most stable 
configuration of the diffusing species in each region.  We fixed the bottom two Ru layers 
and allowed the top-layer Ru and graphene to relax during NEB calculations.  NEB 
calculations that did not allow relaxation of C atoms gave energy barriers 0.6-1.5 eV 
higher than those allowing graphene relaxation, highlighting the importance of local 
buckling of the graphene layer in adatom and cluster diffusion.   
The diffusion path with the lowest energy barrier was chosen to further calculate 



















 is the energy 
of the transition state (TS) and initial state local minimum (LM), respectively, and the υi’s 
are the corresponding normal mode frequencies.  In the vibrational frequency 
calculations, we fixed all Ru and C atoms and only considered the vibration of atoms in 
the adsorbed ad-species.  The resulting vibrational frequencies were computed using 
finite-difference displacements of 0.04 Å.  The hTST method was applied only to single-












, where n is the number of steps in the diffusion path. 
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A caveat regarding our DFT results is that calculations using GGA-PBE 
functional generally over-predict adsorption energies and in some circumstances, the 
local density approximation (LDA) functional gives more accurate results than GGA 
functionals [39].  No exchange-correlation functional is ideal for all situations, so reliance 
on any particular functional is a necessary compromise in DFT calculations such as those 
we report below.  Using the PBE functional allowed us to maintain consistency with our 
earlier results [36]. 
4.3 Results 
4.3.1 Adsorption of Rh2 and Au2 on g/Ru(0001) 
 The adsorption of dimer species was investigated in each different moiré region 
on g/Ru(0001).  The most stable configuration of dimer was found in each region by 
studying multiple distinct dimer configurations.  The adsorption energy of the dimer was 
calculated, and this energy was compared with the adsorption energy of two well 
separated monomers on the surface to obtain the dimer formation energy.  The results of 
dimer adsorption for each moiré region are discussed below. 
4.3.1.1 Fcc region 
 The most stable configuration of a Rh dimer in the fcc region is shown in Figure 
4.1a.  The adsorption energy for this configuration on the surface is –2.85 eV, with a Rh-
Rh bond length of 2.55 Å.  The dimer is almost horizontal at an average distance of 1.96 
Å above the surface, with one atom of the dimer 0.15 Å higher than the other.  The 
nearest underlying top1 (top2) C atoms to the adsorbed Rh2 are pulled up by ~0.2 (~0.33) 
Å from their initial positions when no adatom is adsorbed.  We performed a similar 
calculation with the LDA functional, finding that the height of these C atoms was 
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uniformly ~0.006 Å lower than in our PBE calculations.  Compared to the adsorption 
energy of two Rh monomers in the fcc region (–1.86 eV), the system gains 0.99 eV from 
bringing two monomers together to form a dimer.  The adsorbed dimer is stretched 
significantly from its gas phase equilibrium bond length (2.21 Å).  It is important to note 
that the adsorption sites for the adatoms in the Rh dimer are different from that of a 
monomer.  Specifically, a Rh monomer binds preferentially near the top of a C atom that 
is above a first-layer Ru atom (denoted a top1 site), while the atoms in a Rh dimer prefer 
to bind at a bridge site and near a top1 site.  Thus, the geometry of the dimer is not simply 
the addition of two monomers. 
The Au dimer, whose most stable configuration can be seen in Figure 4.1b, 
behaves quite differently from the Rh dimer.  The Au dimer is vertical with respect to the 
surface at a distance of 2.11 Å.  The adsorption energy of the dimer is –0.99 eV, with a 
Au-Au bond length of 2.56 Å.  This bond length is similar to the bond length (2.53 Å) in 
the gas phase.  The atom of the dimer that binds to the surface is on top of a C atom that 
is above a second-layer Ru atom (denoted a top2 site).  This underlying top2 C atom is 
lifted up by 0.48 Å from its initial position when no adatom is adsorbed.  This binding 
site is the same as that for a Au monomer, but the system gains 0.44 eV by forming a 
vertical dimer instead of two separate monomers on the surface.  This is in agreement 
with previous studies that Au dimer prefers to be adsorbed in an upright position 
perpendicular on graphene, MgO(100), and FeO/Pt(111) surfaces [18, 40-42].  This 
upright configuration is stabilized because the presence of metal atoms above those 
directly interacting with the surface increases the adhesion energy and this effect is called 




Figure 4.1: The most stable dimer configuration in the fcc region for (a) Rh (pink), top view; (b) Au 
(yellow), top view; (c) Au, side view.  Three Ru (green, light blue, dark blue) layers are shown, with the 




 Our calculations described below show that the fcc region is the most favorable 
binding region for Rh2 and Au2.  Thus, in our discussion of the net diffusion of dimers on 
the surface provided below, the most stable configuration of each dimer in the fcc region 
is the initial and final state for overall diffusion process.   
4.3.1.2 Hcp region 
 Our previous study also shows that the adsorption of metal monomers in the hcp 
region is weaker than the fcc region [1].  This observation also applies to dimers for 
which we find the adsorption is less favorable in the hcp region than in the fcc region by 
0.27 eV and 0.18 eV for Rh2 and Au2, respectively.  The most stable configurations of a 
Rh and Au dimer in the hcp region are shown in Figure C.1 in the Appendix C.  The 
binding site for the dimer in the hcp region is the same as that in the fcc region for both 
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Rh and Au.  Rh2 is horizontal with respect to the surface with the adsorption energy of    
–2.58 eV and a Rh-Rh bond length of 2.53 Å.  The Rh dimer is about 1.95 Å above the 
surface, and one atom is 0.14 Å higher than the other atom in the direction normal to the 
surface.  The Au dimer is vertical with respect to the surface with the adsorption energy 
of –0.81 eV and a Au-Au bond length of 2.55 Å.  The lower atom in this dimer is 2.14 Å 
above the surface.   
4.3.1.3 Ridge region 
 The most stable configurations of Rh2 and Au2 in the ridge region are shown in 
Figure C.2.  Both atoms of the Rh2 dimer are adsorbed at a bridge site (denoted bri1 since 
a first-layer Ru atom is directly underneath this site) of graphene.  The adsorption energy 
of the Rh dimer on the ridge region surface is –2.48 eV and the Rh-Rh bond length is 
2.51 Å.  The dimer is almost flat above the surface at an average distance of 2.03 Å.  Au2 
is again vertical with respect to the surface and is also adsorbed at a bri1 site with an 
adsorption energy of –0.69 eV.  The Au-Au bond distance is 2.52 Å and the lower atom 
in the dimer is 2.24 Å above the surface.   
 Comparing the adsorption energy, equilibrium bond length, and height above the 
surface for each dimer adsorbed in the fcc, hcp, ridge, to the atop region shows a decrease 
in the adsorption energies and the equilibrium bond lengths and an increase in the height 
of dimer above the surface.  The equilibrium bond lengths in the ridge region are quite 
similar to those of the gas phase dimers, indicating that the surface in the ridge region has 
little effect on the adsorbed dimers.  It is because the graphene π-bonding network is 
intact and not sp
3
-rehybridized in the ridge region, and thus its surface reactivity does not 
increase as much as in the fcc and hcp region and the interaction with ad-dimer is purely 
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van der Waals.  The adsorption of dimer is the least favorable in the atop region 
compared to other regions, where the binding energy is –1.14 eV and –0.45 eV for Rh2 
and Au2, respectively.  We therefore exclude the atop region from our consideration of 
dimer diffusion across the moiré surface.  From our previous monomer results in both the 
full moiré supercell and smaller (3×3) local regions [1], we found that the fcc region is 
the global minimum (GM) region, the ridge region is the TS region for monomers, and 
that the diffusion in the hcp region does not affect the overall barrier for surface 
diffusion.  The results above show that this is also true for metal dimers: the most stable 
dimer configuration in the fcc region is the GM and the TS for dimer diffusion within the 
ridge region defines the rate-limiting TS for the overall dimer diffusion across the 
graphene moiré surface.    
4.3.2 Diffusion of Rh2 and Au2 on g/Ru(0001) 
 To describe the diffusion of Rh and Au dimer on the graphene moiré surface, we 
investigated their diffusion in the fcc and ridge regions.  We defined the overall dimer 
diffusion barrier as the energy difference between the TS in the ridge region and the GM 
in the fcc region.  The diffusion barrier of each dimer within the fcc region was also 
calculated for comparison.  The dimer hopping rate within the fcc region was calculated 
using hTST by performing vibrational frequency analysis.   
4.3.2.1 Dimer diffusion in the fcc region 
 We performed NEB calculations for multiple different diffusion mechanisms, 
including both stepwise and concerted motions.  The diffusion modes considered for Rh 
dimer in the fcc region are shown in Figure C.3.  The initial and final state is the most 
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stable dimer configuration in the fcc region.  The diffusion mode with the lowest 





Figure 4.2: The diffusion path of Rh2 in the fcc region.  Circles (squares) indicate stable local minima 




For the Rh dimer, diffusion occurs by a stepwise mechanism that goes through 
four major steps as shown in Figure 4.2.  Figure 4.2a, 4.2c, 4.2e, 4.2g, and 4.2i are all 
LM’s.  Each figure between two LM’s is a TS.  Therefore, the total overall energy barrier 
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for Rh2 to diffuse by this process within the fcc region is 0.48 eV.  The graphene layer 
buckles with Rh2 displacement.  When Rh2 diffuses, the underlying C atoms in the TS 
configuration are lifted up by ~0.2Å from the LM configuration.  The diffusion of Rh2 
does not interrupt the sp
3
 rehybridization of graphene in the fcc region.  Estimating the 















the fcc region at 300 K, the diffusion of Rh2 is significantly slower. 
 For a Au dimer, diffusion occurs via a concerted mode that goes through two 
symmetric steps, as shown in Figure 4.3.  The energy barrier for the diffusion is 0.50 eV, 





, the Au dimer hopping rate within the fcc region at room 









 at 300 K.  Thus, at this temperature the diffusion of a Au dimer is 






Figure 4.3: The diffusion path of Au2 in the fcc region.  Circles (squares) indicate stable local minima 




4.3.2.2 Dimer diffusion across the graphene moiré 
 To determine the diffusion barrier for the dimer across the graphene moiré, we 
need to study its diffusion in the ridge region.  In the ridge region, NEB calculations were 
performed by taking the most stable dimer configuration in the ridge region as the initial 
and final states.  Again, both stepwise and concerted modes were investigated.   
 For a Rh dimer, its diffusion mode in the ridge region is a stepwise mechanism 
that has a barrier of 0.46 eV.  To move from the initial state to final state, Rh dimer has to 
go through four steps.  The TS with the highest energy in this process, which is shown in 
Figure 4.4a, is also the TS for the overall diffusion across the moiré surface.  The energy 
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difference between this TS and the most stable dimer configuration in the fcc region, 0.82 





Figure 4.4: The dimer TS for diffusion of (a) Rh and (b) Au in the ridge region, which is also the TS for 




Net diffusion across the moiré involves multiple local hops from one carbon ring 
to another.  Since the pre-exponential factor is the rate when temperature is infinitely 
large, the ratio of net hopping prefactor and local hopping prefactor is the inverse ratio of 
the mean square distance of the net hopping range and local hopping range.  The local 
hopping within the fcc region is the hop across one carbon ring.  The diffusion from the 
fcc to the ridge region at infinite temperature passes through 3-4 carbon rings.  Therefore, 
the net hopping prefactor is approximately 10 times smaller than the local hopping 
prefactor in the fcc region.  We verified this observation by kinetic Monte Carlo (KMC) 
simulation of Au monomers hopping on the graphene moiré surface.  KMC simulates the 
time evolution of a system if the rates of all local processes are known given the current 
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 in these 
simulations and performing the KMC simulation at various temperatures gave a net 




, which is roughly 1/10 of the local prefactor.  We then 
used the factor of 1/10 to compute the net hopping rate for the rest of the diffusing 
species in this Chapter.  We thus calculated the Rh dimer hopping rate at room 








.   
 The similar procedure was applied to Au dimer.  In the ridge region, Au dimer 
diffuses in a concerted mode with a diffusion barrier of 0.21 eV.  The TS is the 
configuration in between the initial and final states, in which two Au atoms are vertically 
bound to a bridge site with no Ru atom underneath (denoted as bri site).  Similar as Rh 
dimer, the Au dimer TS in the ridge region is the TS for the overall diffusion on the 
moiré surface and it is shown in Figure 4.4b.  Therefore, we can determine the overall 
diffusion barrier for Au dimer to be 0.51 eV.  Using the factor of 1/10, the Au dimer 




, with a 




.  The hopping rate for a Au monomer is 1.18 s
-1
 on 
g/Ru(0001) at the same temperature, which is much slower than a Au dimer.  
4.3.3 Adsorption of Rh3 and Au3 on g/Ru(0001) 
 The most stable trimer configuration in each moiré region was investigated in a 
similar way to the dimers.  The trimer adsorption energy was calculated.  The diffusion 
path for trimer across the moiré is the same as for dimer based on the reasoning above.  
Therefore, here we only report the trimer configurations in the fcc and ridge regions, 
since these define the overall diffusion barrier on the surface.   
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4.3.3.1 Fcc region 
 The most stable trimer configuration for Rh in the fcc region is a flat triangle with 
each adatom adsorbed at a top2 site (Figure 4.5a).  The adsorption energy for this trimer 
is –3.53 eV.  The trimer is at an average of 2.31 Å above the surface with an average Rh-
Rh bond length of 2.48 Å.  The adsorbed trimer is stretched slightly from its gas phase 
equilibrium bond length of 2.38 Å. 
 The most stable trimer configuration for Au in the fcc region is also triangular, 
but standing up with respect to the surface.  The adsorption energy for the trimer is –1.64 
eV and the structure is shown in Figure 4.5b.  The trimer forms an isosceles triangle, with 
the base length of 2.72 Å and the side length of 2.68 Å.  The base Au atoms are adsorbed 
at top2 sites and are 2.52 Å above the surface.  The adsorbed trimer has the same side 
length as the equilibrium bond length of Au trimer in gas phase (2.68 Å).  The stretched 
base Au-Au bond originates from the interaction between the base Au atom and the 
surface atoms, but the top Au atom shows almost no influence from the substrate. 
4.3.3.2 Ridge region 
 Rh3 prefers to form a triangular trimer in the ridge region, with each adatom 
binding to a bridge site of the 6-carbon ring (Figure 4.5d).  One adatom binds to bri1 site 
and two other adatoms bind to the bri site.  The adsorption energy is –2.53 eV.  The 
trimer is 2.09 Å above the surface and the average Rh-Rh bond length is 2.59 Å.  The 
bond stretching due to the Rh-surface interaction is more significant and Rh3 is closer to 
the surface in the ridge region than in the fcc region. 
 Au3 favors a vertical triangular trimer in the ridge region (Figure 4.5e).  The lower 
Au adatoms bind near the top1 sites where the closest Ru atom to the carbon is a first-
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layer Ru.  We will refer to the other carbon atop sites in the ridge region as top2 sites.  
The adsorption energy of Au trimer is –1.08 eV in the ridge region.  The average Au-Au 




Figure 4.5: The most stable trimer configuration for (a) Rh in the fcc region; (b) Au in the fcc region, top 
view; (c) Au in the fcc region, side view; (d) Rh in the ridge region; (e) Au in the ridge region.  The 




4.3.4 Diffusion of Rh3 and Au3 on g/Ru(0001) 
 The diffusion of trimers was investigated using the approach described above for 
dimers.  The calculations were performed using the climbing image NEB method, 
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assuming the trimer does not dissociate during the diffusion.  The overall diffusion 
barrier on the moiré was estimated to be the energy difference between the trimer TS in 
the ridge region and the trimer LM in the fcc region.  The trimer hopping rate over the 
graphene moiré surface was calculated using the same approach we used for dimers.   
4.3.4.1 Trimer diffusion in the fcc region 
 The initial and final states in the NEB calculations are the most stable trimer 
configuration in the fcc region in neighboring two carbon rings.  Both stepwise and 
concerted diffusion modes were investigated.  We assigned the trimer diffusion 
mechanism to be the diffusion mode with the lowest diffusion barrier. 
 For Rh3, the diffusion occurs via a concerted mode with the path shown in Figure 
4.6.  In the TS, trimer adatoms are sitting near top1 sites.  The diffusion barrier is 0.97 
eV.  Using hTST, the Rh trimer hopping rate within the fcc region at room temperature 













Figure 4.6: The diffusion path of Rh3 in the fcc region.  Circles (squares) indicate stable local minima 




 The diffusion of Au3 goes through two steps.  In each step, one base adatom stays 
and two other adatoms moves together to form a “walking” mode.  The diffusion path is 
shown in Figure 4.7.  The first step from (a) to (c) is walking across two neighboring 
carbon rings, which has a diffusion barrier of 0.46 eV.  The second step from (c) to (e) is 
walking within one carbon ring, with a diffusion barrier of 0.23 eV.  The overall diffusion 
barrier for the entire process is therefore 0.46 eV.  This corresponds to a Au trimer 













Figure 4.7: The diffusion path of Au3 in the fcc region.  Circles (squares) indicate stable local minima 




4.3.4.2 Trimer diffusion across the graphene moiré 
 We need to determine the diffusion barrier of trimers in the ridge region to 
calculate the overall barrier on graphene moiré.  The initial and final states in the NEB 
calculations are the most stable trimer configurations in the ridge region in two 
neighboring carbon rings.  As before, both stepwise and concerted diffusion mechanisms 
were examined.   
 For Rh3, the diffusion mechanism is a combination of stepwise and concerted 
steps (Figure C.4).  The net diffusion barrier for Rh3 in the ridge region is 0.49 eV.  The 
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overall barrier for Rh3 diffusion on the graphene moiré is thus 1.50 eV.  Based on our 
previous dimer result that the net diffusion prefactor is approximately 1/10 of the local 
prefactor, we calculated the net Rh3 hopping rate across the surface at room temperature 








.  This means 
that Rh3 clusters make a negligible contribution to net mass transfer of Rh atoms on this 
surface. 
 For a Au trimer, diffusion in the ridge region goes through three steps, with one 
concerted move and two stepwise moves (Figure C.5).  This gives a net diffusion barrier 
of 0.26 eV for Au3 in the ridge region, which corresponds to an overall diffusion barrier 









.  This 
means that Au3 hops much slower than Au monomers and dimers at 300 K. 
4.4 Discussion 
Comparing our results of Rh and Au monomers, dimers, and trimers together 




Table 4.1: The adsorption energy (in eV) for Rh and Au monomer (M1), dimer (M2), and trimer (M3) in the 




Eads EA Eads EA 
M1 -2.56 0.53 -1.42 0.71 
M2 -2.85 0.82 -0.99 0.51 
M3 -3.53 1.50 -1.64 0.81 
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Table 4.2: The hopping rate (in s
-1
) at 300 K for Rh and Au monomer (M1), dimer (M2), and trimer (M3) in 





































Table 4.1 contains the adsorption energy in the fcc region and the diffusion barrier across 
moiré for Rh and Au monomer, dimer, and trimer on g/Ru(0001) and a summary of 
different rates of these clusters on g/Ru(0001) at 300 K is provided in Table 4.2.  For Rh, 
there is a change in the preferred binding sites in the fcc region as the cluster size 
increases (from center to bridge to top sites).  This shows that the geometry of Rh clusters 
cannot readily be predicted from the addition of smaller clusters.  Rh gains energy by 
forming larger clusters.  Rh clusters are all horizontal with respect to the substrate and the 
energy needed to diffuse increases monotonically with the cluster size.  The diffusion 
barrier within the fcc region is 0.16 eV, 0.48 eV, and 0.97 eV for Rh1, Rh2, and Rh3, 
respectively.  The barrier to diffuse on the full moiré surface also increases from 0.53 eV 
to 0.82 eV to 1.50 eV.  The energy gained by forming a dimer from two Rh monomers is 
0.99 eV, and the energy gain from combining a monomer and a dimer to form a trimer is 
1.51 eV.  These observations indicate that mass transfer of Rh on the surface at low and 
moderate temperatures occurs primarily through monomers.  In the experiments, most Rh 
clusters prefer the fcc region but there are a few clusters observed in the hcp and atop 
region as well [2].  This is consistent with our description of cluster diffusion.  Upon 
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deposition, most adatoms quickly diffuse to the fcc region and once clusters nucleate, 
their mobility decreases as they grow.  The sintering mode is likely to be Ostwald 
ripening instead of migration of the whole cluster. 
For Au, the binding sites remain the same (top2 site) in the fcc region as the 
cluster size increases.  The adsorption energies of Au1 (–1.42 eV) and Au3 (–1.64 eV) in 
the fcc region are similar, but the adsorption energy of Au2 (–0.99 eV) is considerably 
lower.  We observe the same trend for the adsorption energy in the ridge region.  It is still 
thermodynamically favorable for Au to form larger clusters.  The relatively weak binding 
of Au2 explains why Au2 has the lowest overall diffusion barrier (0.51 eV) on the full 
moiré surface.  On the full moiré surface though, Au2 diffuses the fastest, followed by 
Au1, and then Au3.  Within the fcc region, Au3 is the fastest diffusing species, followed 
by Au2 and Au1.  This indicates that after deposition at room temperature, monomers 
quickly form dimers and trimers, which are very mobile in the fcc region.  Au2 can easily 
diffuse across the moiré surface and hence it is likely that these dimers are a building 
block to form larger Au clusters.  If Au transport by dimers and as they aggregate, the 
most likely morphology of the islands formed is a double-layer structure.  The 
experimental observation that the extended flat Au islands formed on g/Ru(0001) have a 
close-packed double-layer structure [44, 45] qualitatively supports our prediction of the 
role of Au dimers in this process.    
It is useful to extend our analysis to other 4d and 5d transition metals.  The results 
we obtained for dimer configurations of Rh and Au suggest an efficient method to predict 
if a metal dimer (or larger clusters) will be a faster diffusing species than monomers on 
g/Ru(0001).  If the dimer prefers to lay flat on the surface, as Rh2 does, it probably 
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diffuses more slowly than a monomer.  If, however, the dimer prefers to stand up 
vertically on the surface as Au2 does, it probably diffuses faster than a monomer.  We 
used this descriptor to classify all 4d and 5d transition on g/Ru(0001).  Our results are 
summarized in Table 4.3.  Among the full set of 4d and 5d transition metals, only Re, Ag 
and Au are Au-like in the sense that their dimers prefer a vertical structure in the fcc 
region of graphene moiré.  The other metals (Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, La, Hf, Ta, 
W, Os, Ir, Pt) are Rh-like in that they prefer to form horizontal dimers on the surface.  We 
notice that Mo, Re, Ag and Au correspond to metals with a half-filled or completely 
















for Au).  It 
is commonly accepted that a half-filled or completely filled d-shell is more stable than 
other configurations for d-shell, and thus these metals exhibit similar adsorption 
behavior.  If one assumes that the metal s-graphene sp interaction is weak across the 
transition metals, then a more stable d-shell results in a less stable adsorption of the metal 
adatom.  The weaker adsorption of metals with a half-filled or completely filled d-shell 
has been reported for 3d adatoms on freestanding graphene [46, 47].  In the case of a 
metal dimer, it prefers to have the vertical orientation with respect to the surface.  Mo is 
an exception that prefers horizontal dimers, but its dimer adsorption is indeed weaker 
than other nearby metals in the periodic table.  Our predicted results are consistent with 
the observation that Rh, Pt, and Ru exhibit similar nucleation behavior on g/Ru(0001) 
experimentally [2, 44, 48], which is different from Au.  This suggests that classifying the 
dimer structure of each metal gives valuable information about the properties of larger 
clusters, although the experimental differences between Pd and Rh, Pt, and Ru indicate 
that this classification is incomplete.   
 99 
Table 4.3: The adsorption energy of flat and vertical dimer in the fcc region of g/Ru(0001) for all 4d and 
5d transition metals.  The reference state is the bare fcc region and the dimer in gas phase.  The dimer is 
adsorbed at the most preferred site for both orientations. 
 
metal Eads_flat (eV) Eads_ver (eV) 
Y -3.72 -2.54 
Zr -3.48 -3.25 
Nb -3.16 -2.44 
Mo -2.08 -1.13 
Tc -9.99 -9.86 
Ru -3.50 -2.84 
Rh -2.51 -1.56 
Pd -4.03 -2.89 
Ag -1.29 -1.45 
La -4.92 -1.49 
Hf -3.93 -3.24 
Ta -4.40 -2.86 
W -3.11 -1.53 
Re -2.58 -5.18 
Os -3.68 -3.30 
Ir -4.59 -4.22 
Pt -4.32 -2.65 





We have examined the small metal cluster adsorption and diffusion on 
g/Ru(0001) and compared to our previous study of monomers.  In particular, we studied 
Rh and Au, two metal species that exhibit distinctively different behaviors when forming 
clusters on g/Ru(0001).  We have determined the lowest-energy structure, the diffusion 
barrier, and the room temperature hopping rate for Rh and Au dimers and trimers.  All of 
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our calculations used DFT with the GGA-PBE functional.  We cannot exclude the 
possibility that other exchange-correlation functionals could make different predictions 
for some cases.  Our study show that Rh monomers diffuse faster than dimers and 
trimers.  For Au, however, dimers diffuse faster than monomers and trimers on the moiré 
surface.  This difference in diffusion behaviors is directly associated with the cluster 
orientation with respect to the surface.  We also studied the orientation of dimers for all 
4d and 5d transition metals on the surface.  This analysis suggests that Re and Ag also 
form dimers that diffuse faster than monomers on the g/Ru(0001) surface, but that all 
other metals have diffusivities that decrease monotonically with cluster size.   
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ENERGETICS OF AU8 ON GRAPHENE/RU(0001) 
 
5.1 Introduction 
Gold nanoparticles have exhibited incredible catalytic activity [1-3].  Since 
Haruta et al. showed that nanosized Au particles (< 5 nm) can be very effective catalysts 
[4], extensive studies have been carried out of the high catalytic activity of Au 
nanoparticles in various chemical processes, including low temperature CO oxidation [3-
7], selective hydrogenation [8], NOx reduction [9, 10], hydrogen peroxide formation [11], 
propene epoxidation [12, 13], and water-gas shift chemistry [14, 15].  Mechanistic studies 
on the catalytic activity of nanosized Au in low temperature oxidation reactions indicate 
the importance of the synergistic effects between Au and oxide substrates [16] and the Au 
sites with low coordination number [17].  To study the intrinsic catalytic activity of 
nanosized Au, it is therefore of interest to study Au clusters on an oxygen-free substrate. 
One challenge in heterogeneous catalysis is to synthesize supported metal 
particles with maximum control over their composition and structure.  To serve this 
purpose, the desired substrate needs to have well separated nucleation sites to disperse 
metal clusters so that they can be stabilized against aggregation [18].  One example of 
such a material that is also oxygen-free is the graphene moiré on metal substrates, e.g. 
Ir(111) [19] or Ru(0001) [20].  The graphene moiré supported by Ru(0001) (denoted 
g/Ru(0001)) consists of three distinct binding regions: atop, fcc, and hcp regions [21, 22].  
The atop region is a region of the graphene moiré with the atop site for the first layer of 
metal substrate centered in the carbon ring.  The fcc and hcp regions are the two lower 
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regions where half of the carbon atoms are directly above the first layer of metal substrate 
atoms.  These two regions are distinguished by which threefold coordinated hollow site is 
centered in the carbon ring.  The intermediate region between the fcc and hcp regions is 
called the ridge region. 
Our earlier studies of small Au clusters (Au1, Au2, Au3) on g/Ru(0001) have 
provided us useful information and insight to understand Au cluster nucleation and 
growth on the graphene moiré surface [23-25].  Specifically, we studied the adsorption 
and diffusion of small Au clusters in the fcc (local minimum region) and ridge region 
(transition state region) and predicted that Au2 is the fastest diffusing of these small 
species on g/Ru(0001) and is likely the building block to form large Au clusters.  In order 
to gain a better understanding of the formation mechanism of Au islands on g/Ru(0001), 
which have a close-packed double-layer structure [20, 26], it is important to investigate 
larger Au clusters and study their lowest energy structures on the surface.  Supported Au8 
clusters are known experimentally to exhibit a high chemical activity [2] and thus are 
worthy of investigation as examples of moderate size clusters.  A recent study of the Au8 
cluster on MgO(100) rationalized its high activity by predicting a high O2 binding energy 
(up to 1 eV) to the cluster [27].  This motivated us to characterize Au8 clusters on 
g/Ru(0001).   
Characterizing clusters with more than a few atoms is challenging because of the 
large configurational space we have to examine.  Roughly speaking, the computational 
effort scales exponentially with cluster size, because the number of candidate local 
energy minima grows exponentially with the number of atoms.  To address this 
challenge, we adopted a Genetic Algorithm (GA) combined with Density Functional 
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Theory (DFT) calculations to scan for low energy Au8 structures on g/Ru(0001).  This 
method has previously been successfully applied to study Au clusters on MgO(100) F 
centers [27] and large metal clusters in metal organic frameworks materials [28, 29].   
In this Chapter, we address the issue of energetics of Au8 cluster in the fcc and 
ridge region of g/Ru(0001) by reporting the GA-DFT calculation results of the lowest-
energy cluster structures in these regions and estimating the diffusion barrier for Au8 
cluster.  The most stable Au8 cluster structure provides us insight into the formation 
mechanism of Au double-layer islands on g/Ru(0001).     
5.2 Methods 
A GA was used to systematically search for low energy structures of adsorbed 
Au8 on g/Ru(0001).  The implemented GA was recently developed for adsorbed clusters 
[27, 28].  The GA follows the scheme proposed by Deaven and Ho [30] with several 
improvements making the method more suitable for computationally expensive DFT 
calculations [27].  The optimization process contains two steps, in which a structural 
candidate is first relaxed in LCAO mode in the Grid-based Projector Augmented Wave 
(GPAW) DFT code [31, 32] and subsequently in the Vienna Ab Initio Simulation 
Package (VASP) [33-36] in a plane wave calculation if it is structurally different from 
previously encountered structures.  The LCAO mode uses a basis set of atomic orbital-
like functions rather than grid-based wave functions, which makes calculations 
considerably cheaper and faster.  We used it to do fast initial relaxations and then plane-
wave DFT calculations in VASP with core electrons described by the projector 
augmented-wave (PAW) method [37, 38].  All DFT calculations [39] were spin-polarized 
and we used a cutoff energy of 400 eV with the Perdew-Burke-Ernzerhof (PBE) [40, 41] 
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exchange-correlation functional within the generalized gradient approximation.  First-
order Methfessel-Paxton smearing [42] was used with a width of 0.2 eV.  The reciprocal 
space is sampled with Γ point only.  The optimized Ru lattice constant, a = 2.726 Å and c 
= 4.035 Å, and the graphene lattice constant, a = 2.46 Å, are in good agreement with 
reported experimental and computational values [43-46]. 
For Au8 clusters in the fcc and ridge region of g/Ru(0001), energy minimization 
was achieved by placing an Au8 cluster on top of a (5×5) supercell with a vacuum space 
of 18 Å to separate the Ru slab replicas.  A 2-layer Ru(0001) slab was used in GA to 
reduce computational time. After several low energy Au8 structures were identified in 
GA process, a 3-layer Ru(0001) was used in DFT calculations for further relaxation.  
Each supercell contains a layer of graphene on top of a 2-layer (3-layer) Ru(0001) slab, 
giving a total of 50 C atoms and 50 (75) Ru atoms.  The graphene was slightly stretched 
to match the lattice constant of Ru surface.  In the supercell, the graphene layer was 
shifted horizontally in different extents with respect to the Ru slab to expose different 
sites of Ru through the center of 6-carbon rings [23, 25].  The in-plane coordinates of two 
adjacent carbon atoms were constrained to keep the graphene in the right relative position 
with respect to Ru surface [24].  Ground-state energy calculations were performed with 
the bottom layer (two layers) of Ru slab fixed for the 2-layer (3-layer) Ru.  All other 
atoms were allowed to fully relax.   
A GA scheme consists of several steps.  A starting population of 15 random Au8 
structures was generated and they were first relaxed in LCAO mode using GPAW and 
then in VASP through quasi-Newton optimization until the maximum force on any atom 
was below 0.05 eV/Å.  Our implementation introduces a new structural comparison 
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criterion to determine if the two structures are similar.  For two structures to be 
considered equivalent, the energy difference needs to be smaller than ΔE = 0.02 eV and 
the relative signed difference between a sorted list of all inter-atomic distances for each 
cluster needs to be smaller than 1.5% with no single difference larger than 0.7 Å [27].  
We employed a two-step DFT optimization technique where a candidate is first relaxed 
in LCAO mode in GPAW and subsequently in VASP only if it is structurally different 
from previously encountered structures.  This new technique reduces the computational 
cost since all rough optimizations are done with the fast LCAO mode and only a few 
relaxation steps are required with the computational expensive method in VASP.  A 
population of 15 structurally different candidates with the lowest energies was 
maintained and used to generate new structures.   
To ensure a survival of the fittest scheme, the most stable candidates need to be 
selected for pairing more frequently than their less stable counterparts.  Each parent 
candidate was thus assigned a fitness Fi related to its energy and was selected with a 
probability Pi proportional to its fitness.  To help ensure a diverse population, we chose to 
multiply Fi with a uniqueness factor Ui that decreases the probability of candidate i if it 
has previously been used for pairing or existing structures similar to it are outside of the 
population.  The detailed expression of each term can be found in Reference [28].  The 
inclusion of Ui is a new addition to GA optimization methods. 
When two structures have been selected for pairing, they are paired together 
through a cut-and-splice operator [30].  There is a 50% probability that the offspring 
candidate undergoes one of three mutations: rattle, twist, and close packing [27].  Close 
packing mutation is an additional implementation to the traditional GA scheme.  More 
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details on the mutations in GA can be found in the Supporting Information of Reference 
[27].   
The adsorption energy of an Au8 cluster on the surface was given by Eads = 
EAu8+surface – Esurface – EAu8(g), where EAu8+surface and Esurface are the total energies of the 
surface with and without the Au8 cluster, and EAu8(g) is the total energy of the most stable 
Au8 cluster in gas phase, whose structure is shown in Figure 5.1.  With this definition, a 
more negative Eads indicates a stronger adsorption.  The lowest energy Au8 structure in 
vacuum was found in a previous GA study of small gold clusters [47].  It is planar and 









To analyze the adsorbed clusters, we looked at the net atomic charge of the cluster 
computed by both the Bader method [48] and the density derived electrostatic and 
chemical (DDEC) [49, 50] charges method.  The Bader method partitions the total 
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electron density into non-overlapping atomic volumes whose surfaces are perpendicular 
to the electron density gradient [48].  The DDEC method partitions the total electron 
density into overlapping atomic distributions that are simultaneously optimized to be 
chemically meaningful and to reproduce the electrostatic potential surrounding a material 
[49].  Bader charges were computed using the program of Henkelman and co-workers 
[51, 52].  DDEC charges were computed using the program available at 
ddec.sourceforge.net, which implements the method described by Manz and Sholl [50]. 
A simulated scanning tunneling microscopy (STM) image was obtained for the 
most stable Au8 cluster in the fcc region of g/Ru(0001) using STRender [53], which is a 
java program for a 3D visualization of atomic and magnetic structures.  The simulated 
STM image illustrates the appearance of Au8 cluster in the fcc region if it were observed 
experimentally. 
A caveat regarding our results is that DFT calculations using GGA-PBE 
functional generally over-predict adsorption energies and in some circumstances, the 
local density approximation (LDA) functional gives more accurate results than GGA 
functionals [18].  No exchange-correlation functional is ideal for all situations, so reliance 
on any particular functional is a necessary compromise in DFT calculations such as those 
we report below.  Using the PBE functional allowed us to maintain consistency with our 
earlier results [23-25]. 
5.3 Results and Discussion 
5.3.1 Adsorption of Au8 in the fcc region 
We demonstrated in Chapters 2 and 4 that the fcc region is the most stable region 
for small Au clusters [23, 24].  The GA was used to test 107 different Au8 candidates in 
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the fcc region.  A histogram of the energies for these 107 structures relative to the most 
stable one can be seen in Figure 5.2.  The structures are ranked in an energy-ascending 
order.  The results of the 6 low energy Au8 structures in the fcc region of g/Ru(0001) 
obtained by GA are summarized in Table 5.1.  The adsorption energy of each cluster was 
calculated and the cluster charge using both Bader and DDEC method was reported.  The 
adsorption site for all Au8 clusters is the top2 carbon site on the graphene moiré, where a 
2
nd
-layer Ru atom is directly under the C atom.  This is consistent with the preferred 
adsorption site determined for Au1, Au2, and Au3 in the fcc region of g/Ru(0001) [23, 
24].  Two different adsorption energies are reported for each cluster, where the surface 
slab has either 2 layers or 3 layers of Ru(0001).  The difference in the adsorption energy 
using different numbers of Ru layer results from the interlayer relaxation of the 
g/Ru(0001) slab, not structural change of the Au8 cluster.  The energy order varies 
slightly with the increase of Ru layers, but the most stable Au8 structure stays the same.  
Charge analysis was performed on Au8 clusters on g/Ru(0001) slab with 3 layers of Ru.  
Both charge methods indicate that all Au8 clusters gain electrons (except structure F2 
characterized using the Bader method), but there is no clear trend observable in the 
charges with respect to the descending adsorption energy.  Instead, the DDEC charges for 
all clusters are (−0.35 ± 0.07) e.  This shows that charge transfer is not the dominant 






Figure 5.2: A histogram of the relative energies (in eV) compared to Structure #1 (F1) for all 107 Au8 
candidates in the fcc region of g/Ru(0001) generated from GA.  They are ranked in energy-ascending order.  
Structure #1 (F1) has the lowest energy, for which the relative energy to itself is zero.  All the other 




Table 5.1: The adsorption energy and charge of the 6 low energy Au8 clusters in the fcc region of 
g/Ru(0001).  Two different surface slabs were used, with graphene on top of a 2-layer Ru(0001) and a 3-
layer Ru(0001). 
 
Au8 structure Eads_Ru2L (eV) Eads_Ru3L (eV) Bader charge (e) DDEC charge (e) 
F1 (Figure 5.3) -1.55 -2.10 -0.05 -0.30 
F2 (Figure D.1b) -1.41 -1.99 0.01 -0.29 
F3 (Figure D.1c) -1.33 -1.87 -0.11 -0.36 
F4 (Figure D.1d) -1.21 -1.67 -0.03 -0.28 
F5 (Figure D.1e) -1.21 -1.82 -0.16 -0.47 
F6 (Figure D.1f) -1.20 -1.58 -0.20 -0.39 
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The atomic structure of the most stable Au8 structure (F1) in the fcc region with 2 
layers of Ru is shown in Figure 5.3.  The other seven structures are shown in Figure D.1 
in Appendix D.  In Figure 5.3, Au8 cluster forms a double-layer “wall”, of which the 
upper layer is 5 Å above the graphene surface.  Four Au atoms are bound with an average 
distance of 2.16 Å above four top2 C atoms that are lifted 0.40 Å higher than other C 
atoms.  The average nearest neighbor Au-Au distance is 2.68 Å, which is 0.05 Å larger 
than the nearest neighbor distance (2.625 Å) of Au8 in vacuum [47].  When number of Ru 
layers increases to 3, the Au8 cluster binds 0.02 Å closer to the graphene surface, but the 
cluster structure has the same average nearest neighbor Au-Au distance as using 2 layers 
of Ru.  The simulated STM image of this Au8 configuration is shown in Figure 5.3c.  The 
double-layer Au wall and the underlying Ru(0001) pattern can be seen, but the hexagonal 





Figure 5.3: The most stable Au8 (yellow) cluster adsorbed in the fcc region of graphene (grey) / Ru(0001) 
(green) with 2 layers of Ru.  (a): Top view; (b): Side view.  Fixed Ru atoms are labeled with X’s; (c): 





We have also studied the effect of unit cell size on the adsorption energy of Au8 
clusters.  A (6×6) supercell of g/Ru(0001) was used with 3 layers of Ru.  The results are 
tabulated in Table D.1 in Appendix D.  The energy order is the same as using a (5×5) 
supercell, but the adsorption energy increases an average of 0.57 eV for all structures.  
This implies that the energy gained from Au8 interacting with its periodic images is 
considerable in the data in Table 5.1, but it does not affect the relative stability of 
different Au8 structures. 
5.3.2 Adsorption of Au8 in the ridge region 
As shown in Chapter 2, the ridge region has been identified the least strongly 
adsorbed region that a small Au cluster passes through during its diffusion (transition 
state region) [23, 24].  The GA was used to test 112 different Au8 candidates in the ridge 
region.  A histogram of the energies for these 112 structures relative to the most stable 
one can be seen in Figure 5.4.  The structures are ranked in an energy-ascending order.  
Table 5.2 exhibits the adsorption energy and charge of the 6 low energy Au8 cluster 
structures in the ridge region of g/Ru(0001).  As shown in Figure 5.5 and Figure D.2 in 
Appendix D, these 6 Au8 structures are similar to the configuration of Au8 in vacuum (see 
Figure 5.1), but are bent or twisted in different degrees.  The difference in the adsorption 
energy exhibited among structures B1 to B6 originates partly from the different 
adsorption sites on the graphene moiré surface.  The addition of a third Ru layer 
contributes to the decrease of the adsorption energy by an average of 0.08 eV in the ridge 
region, which is much smaller than the same contribution to the average increase of the 
adsorption energy (0.50 eV) in the fcc region.  Calculations with a third Ru layer show 
that two Au8 structures, B1 and B3, have the same adsorption energy and are both the 
 115 
lowest energy structure in the ridge region.  Compared to the fcc region, the relatively 
weak adsorption energies indicate that the ridge region of g/Ru(0001) interacts weakly 
with the adsorbed Au8, which is also supported from the fact that all 6 low energy Au8 
structures deform very little from the most stable Au8 structure in vacuum.  All the Au8 
structures gain electrons using both Bader and DDEC charge analysis.  The Bader 
charges are similar for all structures, but DDEC charges indicate that B1, B2, B4, and B6 
obtain the same charge (~0.23 e), which is 0.1 e more significant than the charge transfer 





Figure 5.4: A histogram of the relative energies (in eV) compared to Structure #1 (B1) for all 112 Au8 
candidates in the ridge region of g/Ru(0001) generated from GA.  They are ranked in energy-ascending 
order.  Structure #1 (B1) has the lowest energy, for which the relative energy to itself is zero.  All the other 
structures have higher (more positive) energies, which indicate weaker adsorption. 
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Table 5.2: The adsorption energy and charge of the 6 low energy Au8 clusters in the ridge region of 
g/Ru(0001).  Two different surface slabs were used, with graphene on top of a 2-layer Ru(0001) and a 3-
layer Ru(0001). 
 
Au8 structure Eads_Ru2L (eV) Eads_Ru3L (eV) Bader charge (e) DDEC charge (e) 
B1 (Figure 5.5) -0.34 -0.22 -0.08 -0.23 
B2 (Figure D.2b) -0.32 -0.21 -0.07 -0.22 
B3 (Figure D.2c) -0.29 -0.22 -0.08 -0.13 
B4 (Figure D.2d) -0.27 -0.20 -0.10 -0.22 
B5 (Figure D.2e) -0.26 -0.19 -0.07 -0.13 




The top and side view of the most stable Au8 structure (B1) in the ridge region 
with 2 layers of Ru was provided in Figure 5.5, while the rest of the structures are given 
in Figure D.2 in Appendix D.  As shown in Figure 5.5, Au8 forms a 3-D compact 
structure, in which two Au atoms are directly bound to the surface with an average 
distance of 2.37 Å.  The average nearest neighbor Au-Au distance is 2.64 Å.  This value 
is 0.02 Å larger than that of Au8 in vacuum (2.625 Å), which indicates a closer 
resemblance to Au8 structure in vacuum than the Au8 structure in the fcc region.  When 
number of Ru layers increases to 3, the Au8 cluster binds 0.02 Å closer to the graphene 






Figure 5.5: The most stable Au8 (yellow) cluster adsorbed in the ridge region of graphene (grey) / 




The overall diffusion barrier for Au8 on the g/Ru(0001) surface was estimated by 
examining cluster adsorption in the fcc and ridge region, since they are local minimum 
and transition state region, respectively.  From the adsorption energy of the most stable 
Au8 structure in these two regions, we calculated the lower bound of the diffusion barrier 
for Au8 to be 1.21 eV (1.88 eV) on g/Ru(0001) with 2-layer (3-layer) Ru.  This value 
indicates that it is unlikely for Au8 to diffuse as a whole at moderate temperatures.  In 
Chapters 2 and 4, we showed that the diffusion barrier of Au1, Au2, and Au3 on 
g/Ru(0001) obtained from DFT calculations is 0.71 eV, 0.51 eV, and 0.81 eV, 
respectively.  The diffusion of a Au8 cluster is therefore orders of magnitude slower than 
smaller Au clusters on g/Ru(0001) at room temperature.   
We thus propose that mass transfer during growth of Au clusters probably occurs 
through the dissociation of Au adatoms from the larger clusters.  The sequential 
detachment of Au adatom instead of Au dimers from the larger cluster is strongly 
suggested by the thermochemistry of these processes.  DFT calculations examining these 
two processes showed that detaching a Au dimer from Au8 to form Au6 + Au2 is 
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energetically unstable by 1.57 eV, while the equivalent energy to remove a Au monomer 
from Au8 is 0.91 eV.  In both cases, the energy barrier associated with this process must 
be higher than these energies.  This implies that pulling away a Au adatom from a large 
cluster is more likely than pulling away a Au dimer.  When Au adatoms diffuse on the 
surface, they meet each other and form dimers that are more stable and, as shown earlier, 
diffuse faster than the individual monomers.  These diffusing dimers subsequently 
coalesce and stack into double-layer islands.  It is thus proposed that Au clusters sinter in 
the mode of Ostwald ripening instead of cluster agglomeration.  In Ostwald ripening, 
surface adatoms of a smaller particle tend to detach from the particle and diffuse on the 
surface [54].  As more adatoms diffuse freely on the surface, they have a tendency to 
coalesce on the surface of larger particles.  Eventually, smaller particles shrink while 
larger particles grow.  In our case, all our results imply that the growth mechanism of Au 
islands is via Ostwald ripening, which includes these following steps: the detachment of 
Au adatoms from smaller clusters, the immediate formation of dimers and their fast 
diffusion on the surface, and the agglomeration of dimers onto the surface of larger 
clusters.    
5.4 Conclusions 
 We have examined the energetics of Au8 clusters in the fcc and ridge region of 
g/Ru(0001) by using GA-based DFT calculations.  The most stable Au8 structure and its 
energy in each of these two regions were reported and the diffusion barrier for the Au8 
cluster on the graphene moiré was estimated.  The double-layer Au islands observed in 
the experiment [26] can be explained by the double-layer wall structure that Au8 forms in 
the fcc region and the observation that nucleation of Au starts in the fcc region at low 
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coverage [20] which induces the double-layer structure formed over the moiré surface.  
This consistency provides us insight on the formation mechanism of Au double-layer film 
on g/Ru(0001).  It supports our hypothesis that the sintering mode of Au clusters is 
Ostwald ripening and the vertical Au2 species is the building block to form larger Au 
islands on g/Ru(0001) [24].  However, the kinetics of surface mass transport has not been 
taken into account and we lack a quantitative understanding of the cluster nucleation and 
growth mechanism.  While the validation of our hypothesis of Au clustering mechanism 
remains an on-going subject of research, what we have known about cluster formation on 
g/Ru(0001) and other supported graphene surfaces shows that graphene moiré has the 
potential of being a suitable template for the rational design of metal cluster superlattices.   
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CHAPTER 6 
CU CLUSTERS ON GRAPHENE/CU(111) 
 
6.1 Introduction 
In previous Chapters, we have used DFT calculations to investigate small Rh and 
Au clusters on g/Ru(0001).  Rh and Au show distinct behaviors on g/Ru(0001) in 
experiments [1].  In an effort to understand the behavior of larger clusters on g/Ru(0001), 
we combined genetic algorithm with DFT calculations for a Au8 cluster.  We predicted 
the most stable cluster configuration of Au8 on g/Ru(0001) and estimated its diffusion 
barrier over the surface.  These results give us insight into the mechanisms of cluster 
formation on g/Ru(0001), but they are not sufficient to help us understand all aspects of 
cluster nucleation and growth.  It is thus necessary to focus on even larger clusters (>10 
atoms) on supported graphene and seek suitable methods to describe and simulate this 
type of systems.   
Our previous studies of metal clusters on g/Ru(0001) were all performed using 
DFT calculations, which generally provide high accuracy for material properties.  
However, because of the large computational cost, DFT methods are limited to relatively 
small system sizes, typically a few hundred atoms.  Because of the limitation in time and 
length scale that DFT method can describe, it is thus not able to address many important 
issues associated with large and complex microstructures.  Classical molecular 
simulations, such as molecular dynamics (MD) and Monte Carlo, has been employed to 
examine systems with time and length scales that are beyond the reach of DFT methods 
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[2].  The advantage of these methods is their high computational speed and their ability to 
probe large systems at finite temperatures and under external driving forces.  
The key component in classical molecular simulations is the inter-atomic 
potential, which describes the bonding and non-bonding effects of valence electrons 
without explicitly describing the electrons themselves.  It has not generally possible for 
empirical inter-atomic potentials to describe structures with more than one bonding type, 
because empirical potentials for different bonding types have different functional forms.  
The charge optimized many-body (COMB) potential [3-5] is one of several reactive force 
fields that can describe complex bonding environments in real materials.  Another widely 
used potential of this kind is the reactive force field (ReaxFF) [6].  Both COMB and 
ReaxFF describe reactive processes by allowing bond formation and bond breaking 
during classical simulations.  The force field parameters used in these inter-atomic 
potentials are optimized relative to DFT and/or other quantum chemical calculations 
and/or reported experimental values in literature.  Molecular simulations using COMB or 
ReaxFF are slower than using non-reactive force fields, but are still significantly faster 
than DFT calculations [7-11].   
The development of COMB potentials has gone through three major stages, 
denoted COMB1, COMB2, and COMB3, respectively.  Each generation has made a 
significant improvement over the previous one.  In particular, several functions in 
COMB3 have been refined in the aim of providing a general, flexible, and robust 
empirical potential formalism that is capable of treating all different types of bonds 
within a multi-component system in an integrated manner [3].  COMB1 has been 
successfully applied to reproduce the phase order of SiO2 [5] and Cu [12].  COMB2 has 
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been applied to Si-SiO2 system and amorphous SiO2 [4], the Cu-SiO2 [13], Hf-HfO2 [14], 
and Cu-Cu2O [15] systems, and Cu adatoms on ZnO surfaces [16].  COMB3 was recently 
proposed and demonstrated to be able to describe organic-metal interaction in a 
dynamically changing environment [3].  All three generations of COMB have been 
implemented into the Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) program [17, 18].  
A strong limitation of the COMB potential to date is that it has only been 
developed for a limited set of elements including C, H, O, Cu, Al, Zr, Zn, and Ti.  As a 
result, it is not currently possible to study Rh or Au on supported graphene with COMB 
potential.  To work within this limitation, we aim to investigate large Cu clusters on 
graphene supported by Cu(111) (denoted as g/Cu(111)).  Epitaxial graphene has been 
grown on Cu(111) and it has been observed experimentally by scanning tunneling 
microscopy and spectroscopy [19-22].  Multiple moiré patterns were observed, which is a 
result of different rotational alignments of the graphene lattice with the underlying 
Cu(111) lattice.  This indicates that the graphene is weakly coupled to the substrate.  
There are two predominant moiré patterns observed, which suggests that graphene has 
preferred orientation with the underlying Cu(111).  We will only simulate the large moiré 
pattern (~6.6 nm [21], ~6.0 nm [20] periodicity) when the graphene lattice is aligned with 
Cu(111) lattice with 0° rotation.  Computational studies of graphene on transition metal 
surfaces [23, 24] using DFT calculations with van der Waals density functional (vdW-
DF) predict that the lattice mismatch between graphene and Cu(111) is small (4.44%) and 
the binding is weak.  It was also reported that the potential energy surface (PES) of 
graphene on Cu(111) is similar to that on Ru(0001), only with less corrugation [23].  This 
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suggests that the fcc region of g/Cu(111) is the strongest adsorption region, which is the 
same as the case of g/Ru(0001).  Cu adatoms have been theoretically studied on graphene 
using vdW-DF and PBE+D2 methods [25], but unfortunately, there is no prior literature 
reporting Cu clusters on g/Cu(111) experimentally or computationally.  
Our goal in this Chapter is to predict the morphology of Cu clusters on g/Cu(111) 
and investigate their mobility at elevated temperatures using MD simulations with the 
COMB3 potential.  We focus our study on Cu19, a magic size cluster.  A few other 
clusters with different sizes were considered for the study of cluster mobility at different 
temperatures with respect to cluster size.  
6.2 Methods 
We performed MD simulations using LAMMPS program with the COMB3 
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All MD simulations were performed using the LAMMPS software in NVT 
ensemble and the temperature was kept constant using the Nose-Hoover thermostat [26, 
27].  The equations of motion used are those of Shinoda et al. [28] and the time 
integration schemes follow the time-reversible measure-preserving Verlet and rRESPA 




Figure 6.1: The simulated relaxed structure of (26×26) graphene (grey)/(25×25) Cu(111) (green, yellow, 
orange) unit cell obtained from NVT-MD simulation at 0 K.  Cu atoms of different layers are colored 
differently.  (a) Top view of the unit cell with the fcc, hcp, and atop regions labeled; The highlighted 




The g/Cu(111) surface was modeled as a (26×26)-graphene layer over a (25×25)-
Cu(111) slab of 4 Cu layers with a total of 2500 Cu atoms and 1352 C atoms.  
Experimental values of lattice constant for graphene (2.46 Å) [30, 31] and copper (3.61 
Å) [21, 32] were used to construct the g/Cu(111) surface.  The simulation box of 
g/Cu(111) surface is hexagonal and has a dimension of 63.82×63.82×90.00 Å.  The 
bottom two layers of Cu(111) were kept rigid during all simulations and periodic 
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boundary conditions were applied in all three directions.  The graphene layer was initially 
placed at 3 Å above the Cu(111) surface and was allowed to relax in the NVT ensemble 
at ~0 K.  The resulting structure of g/Cu(111) is shown in Figure 6.1 with different 
regions labeled.  The definition of each region (atop, fcc, hcp) is similar to that of 
g/Ru(0001) in Chapter 2 and there is no clear boundary between regions.  
Candidate Cu19 3D cluster structures were generated by performing an NVT-MD 
simulation of Cu19 in gas phase at 900 K for 500 ps with a time step of 20 fs.  The 
complex potential energy surface can be explored in this manner and the use of large time 
steps in conjunction with a high-temperature simulation allows a rapid generation of an 
approximate trajectory that is able to overcome energy barriers between local energy 
minima.  The dimension of the simulation box was 50×50×50 Å and periodic boundary 
conditions were applied in all three directions.  The initial Cu19 cluster is roughly 
spherical and has Oh symmetry, generated as a 19-atom fragment from the Cu bulk fcc 
crystal structure.  From the MD trajectory, 6 low energy configurations of Cu19 3D 
clusters were picked and further optimized by running energy minimization using a 
Hessian-free truncated Newton algorithm (hftn) [33] with the force tolerance of 0.01 
eV/Å.  The 2D Cu19 cluster we studied is a hexagon, with all inner angles equal to 
approximately 120°. 
Each of the relaxed Cu19 clusters was initially placed 3 Å above the fcc region of 
g/Cu(111).  The cluster was displaced so that its center of mass was roughly in the center 
of the fcc region.  Except for the bottom 2 layers of Cu(111), all other atoms were 
allowed to relax.  An NVT-MD simulation was performed for the system at ~0 K.  The 
velocity of the system was initialized at zero to approximate the target temperature of 0 
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K.  A time step of 1 fs was used and the simulation was run for 100 ps until the potential 
energy converged.  This time step was chosen so that our MD simulations can yield 
meaningful results in a reasonable computational speed.  The adsorption energy of a Cu19 
cluster on g/Cu(111) is given by Eads = ECu19_gCu(111) – EgCu(111) – ECu19_gas.  ECu19_gCu(111) 
and EgCu(111) are the potential energies of g/Cu(111) with and without Cu19 adsorbed on it, 
respectively.  ECu19_gas is the potential energy of Cu19 in gas phase.  The adsorption energy 
of a Cu monolayer on g/Cu(111) was also calculated for reference.   
To study the Cu cluster mobility on g/Cu(111), we need to calculate the diffusion 
coefficient.  The diffusion coefficient D of a Cu cluster on g/Cu(111) can be obtained 
from measuring the two-dimensional mean squared displacement (MSD) of the cluster 
during the MD simulations.  The MSD is expressed as MSD = <|r(t) – r(0)|
2
>.  Using 
Einstein’s equation in two dimensions, 4Dt = MSD, diffusivity D can be calculated from 
the slope of the MSD versus time [2, 34].  Only 2D clusters were considered and eight 
different cluster sizes (size = 4, 6, 7, 8, 16, 18, 19, and 20 atoms) were studied.  Among 
them, Cu7 and Cu19 are magic-size clusters.  An NVT-MD simulation was performed for 
each cluster size and a time step of 1 fs was used.  The MSD of Cu cluster was recorded 
every 1000 MD steps.  The system was first relaxed at ~0 K for 100 ps and then heated to 
a higher temperature for 300 ps.  Four temperatures (200, 300, 400, and 500 K) were 
investigated.  At each temperature, 10 independent MD runs were performed to get an 
averaged MSD.  The representative MD trajectories of Cu clusters on g/Cu(111) at 
different temperatures were generated and the Cu cluster structures along the trajectory 
were shown inside the plots.   
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6.3 Results and Discussion 
6.3.1 Candidate Cu19 structures 
The structures of the 6 lowest energy 3D Cu19 clusters in the gas phase are shown 
in Figure 6.2a and a 2D hexagonal Cu19 cluster is shown for comparison in Figure 6.2b.  






Figure 6.2: (a) The structures of the 6 lowest energy Cu19 3D clusters with their potential energies reported 
in eV/atom.  (b) The structure of the Cu19 2D cluster and its potential energy in eV/atom.  
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Intuitively, it may seem that the cluster with Oh symmetry would have the lowest 
potential energy and thus be the preferred structure for 19 Cu atoms, but our simulation 
results indicate that this is not so.  As shown in Table 6.1, this cluster is 0.0223 eV/atom 
(0.42 eV total) higher in energy than the lowest energy configuration we found.  These 
seven clusters were used as candidate Cu19 structures and were placed in the fcc region of 




Table 6.1: The potential energies (PE) (in eV/atom and eV) of 6 low energy 3D Cu19 clusters and the 2D 
Cu19 magic cluster.  The 3D clusters are numbered as they are shown in Figure 6.2. 
 
Cu19 Structure PE (eV/atom) PE (eV) 
3D_(1) -2.6389 -50.14 
3D_(2) -2.6408 -50.18 
3D_(3) -2.6347 -50.06 
3D_(4) -2.6612 -50.56 
3D_(5) -2.6369 -50.10 
3D_(6) -2.6605 -50.55 




6.3.2 Adsorption of Cu19 on g/Cu(111) 
We first performed an NVT-MD simulation for bare g/Cu(111) surface at ~0 K.  
The resulting potential energy is −4.7843 e /atom and the graphene corrugation 
predicted is 0.614 Å, which is in good agreement with experimental value of 0.35 ± 0.1 Å 
[20] and a previous MD simulation result of 0.45 Å using a fitted Tersoff potential [35].  
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The seven candidate Cu19 clusters we generated in Section 6.3.1 were placed in the fcc 
region of g/Cu(111) and the adsorption energy of each cluster was calculated and 
reported in Table 6.2.  The reference state is the sum of potential energy for bare 
g/Cu(111) surface and the lowest-energy 3D Cu19 cluster in vacuum.  
 
 
Table 6.2: The adsorption energies (in eV/atom) of 6 low energy 3D Cu19 clusters and the 2D Cu19 magic 
cluster in the fcc region of g/Cu(111).  The 3D clusters are numbered as they are shown in Figure 6.2. 
 











As shown in Table 6.2, one of the 3D Cu19 clusters (3D_(4)) has the lowest 
adsorption energy compared to other Cu19 clusters.  This Cu19 cluster is 0.024 eV/atom 
(0.46 eV total) lower in energy than the 2D Cu19 cluster on g/Cu(111).  This indicates 
that at very low temperature, a Cu19 cluster prefers a 3D compact structure in the fcc 
region of g/Cu(111).  It thus implies that different from 2D Au islands formed on 
g/Ru(0001) [1, 36, 37], 3D Cu aggregates would form on g/Cu(111) at low temperature.  
As the temperature increases, the system tends to progress towards maximizing its 
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entropy, in which a more disordered state is preferred.  Thus the diffusion and subsequent 
agglomeration of these 3D Cu19 clusters may occur at higher temperatures.      
6.3.3 Mobility of Cu clusters on g/Cu(111) 
We studied the mobility of a Cu cluster on g/Cu(111) by measuring its mean 
square displacement (MSD) during the NVT-MD simulation.  We simulated eight 
different cluster sizes (n = 4, 6, 7, 8, 16, 18, 19, and 20 atoms) at four different 
temperatures (T = 200, 300, 400, and 500 K).  The initial structures of these Cu clusters 
are 2D clusters.  Before heating up the system, the Cu clusters were relaxed on g/Cu(111) 
at 0 K and their adsorption energies were calculated and tabulated in Table 6.3.  The 
results show that large Cu clusters (n ≥ 16) are more strongly adsorbed on g/Cu(111) than 
small Cu clusters (n ≤ 8) at 0  .  However, on average each atom in small Cu clusters is 




Table 6.3: The adsorption energies (in eV/atom and eV) of 2D Cu clusters on g/Cu(111) at 0 K.   
 
Cluster Size Eads (eV/atom) Eads (eV) 
4 -0.2594 -1.038 
6 -0.2235 -1.341 
7 -0.2153 -1.507 
8 -0.2070 -1.656 
16 -0.1682 -2.691 
18 -0.1723 -3.101 
19 -0.1695 -3.221 
20 -0.1636 -3.272 
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Some representative trajectories of a Cu cluster on g/Cu(111) at 200 K and 500 K 
are shown in Figures 6.3, 6.4, 6.5, 6.6 for Cu7, Cu8, Cu19, Cu20, respectively.  The 
structures of the Cu cluster along the trajectory are shown inside the plots.  For reference 





Figure 6.3: Sample trajectory of a Cu7 cluster on g/Cu(111) simulated at (a) 200 K and (b) 500 K.  The 
simulation time span is 200 ps and the time between two neighboring points is 10 ps.  The structures of Cu7 





Figure 6.4: Sample trajectory of a Cu8 cluster on g/Cu(111) simulated at (a) 200 K and (b) 500 K.  The 
simulation time span is 200 ps and the time between two neighboring points is 10 ps.  The structures of Cu8 







Figure 6.5: Sample trajectory of a Cu19 cluster on g/Cu(111) simulated at (a) 200 K and (b) 500 K.  The 
simulation time span is 200 ps and the time between two neighboring points is 10 ps.  The structures of 







Figure 6.6: Sample trajectory of a Cu20 cluster on g/Cu(111) simulated at (a) 200 K and (b) 500 K.  The 
simulation time span is 200 ps and the time between two neighboring points is 10 ps.  The structures of 




A representative plot of 10 different MD trajectories of a Cu19 cluster on 
g/Cu(111) at 400   is shown in Figure 6.7a.  The cluster’s MSD can be calculated by 
averaging these 10 trajectories.  An example plot of MSD versus time for Cu16 on 
g/Cu(111) at different temperatures is shown in Figure 6.7b.  It is clear that the MSD is 
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nearly linear relative to time and higher temperature leads to higher diffusivity of Cu 






Figure 6.7: (a) 10 different MD trajectories of a Cu19 cluster on g/Cu(111) simulated at 400 K.  The 
simulation time span is 20 ps and each color represents a different trajectory.  (b) MSD (in cm
2
) of Cu16 




It was noted from the trajectories and the MSD plot that within the time span of 
simulation, all Cu clusters diffuse very fast and are almost “sliding” on g/Cu(111) at 
elevated temperatures.  Especially at higher temperatures (i.e. 500 K), our data implies 
there are negligible energy barriers imposed on supported Cu clusters by the corrugation 
of g/Cu(111).  As mentioned in Chapters 1 and 2, the greatly enhanced adsorption of 
supported clusters in the fcc and hcp regions of g/Ru(0001) is caused by a large lattice 
mismatch (10.8%) between graphene and Ru(0001) and a strong carbon sp
3
 
rehybridization.  However, the lattice mismatch between graphene and Cu(111) is 3.6%, 
resulting in a large (26×26)-g/Cu(111) unit cell.  Graphene was also demonstrated of 
undergoing a weak rehybridization on Cu(111) [24].  These factors explain the weak 
interactions and little barriers that g/Cu(111) imposes to Cu clusters.  Thus, at 
temperatures around room temperature and above, the corrugation experienced by Cu 
clusters is almost negligible.   
Our results indicate that Cu clusters will rapidly agglomerate on this surface and 
form large Cu islands.  We have not found a Cu cluster size above which the Cu clusters 
diffuse via Brownian motion on g/Cu(111) at elevated temperatures.  This cluster size is 
likely to exist, but if it does it is much larger than clusters we have examined. Our 
simulation results suggest that g/Cu(111) may not be an ideal substrate for the formation 
and growth of isolated Cu clusters.   
6.4 Conclusions 
We have examined the morphology of Cu clusters on g/Cu(111) by investigating 
the adsorption of a Cu19 cluster in the fcc region of g/Cu(111) using MD simulations with 
the COMB3 potential.  COMB3 is an empirical potential that can capture charge transfer 
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and describe complex bonding environment in real materials.  All MD simulations were 
performed using the LAMMPS program.  We determined the low energy Cu19 structures 
and their adsorption energies at 0 K on g/Cu(111).  At low temperature, a Cu19 cluster 
prefers to form a 3D compact structure on g/Cu(111).  We also studied the mobility of Cu 
clusters on g/Cu(111) by performing NVT-MD simulations at elevated temperatures.  
The analysis shows that the small corrugation of g/Cu(111) imposes weak interaction on 
the supported Cu clusters, which suggests that g/Cu(111) may not be a suitable substrate 
for the formation and growth of isolated Cu clusters.    
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CONCLUSIONS AND OUTLOOK 
 
7.1 Conclusions 
Long-range moiré superstructures exist in graphene formed on a number of single 
crystal surfaces such as Ir(111) and Ru(0001).  These superstructures can function as 
templates to drive the self-assembly of superlattices of metal clusters for model catalyst 
studies.  In Chapter 2, an extensive set of periodic DFT calculations were performed to 
investigate the adsorption and diffusion of Rh and Au adatoms on the (12×12)-graphene 
moiré on (11×11)-Ru(0001).  We analyzed the detailed potential energy surfaces (PESs) 
for Rh1 and Au1 on small (3×3) model surfaces representing high-symmetry regions on 
g/Ru(0001).  The adsorption energy of each adatom in all 91 non-equivalent C-top and C6 
ring center sites in the symmetry-irreducible zone of the graphene moiré unit cell on 
g/Ru(0001) was calculated directly, yielding a coarse-grained PES.  These PESs 
demonstrate that the global minimum-energy adsorption sites for both Rh1 and Au1 are 
located in the fcc region and the global maximum is located in the mound region.  For 
both adatoms, the hcp region represents a shallower energy basin than the fcc region.  All 
these predictions are consistent with the experimentally observed preferential nucleation 
in the fcc region by Rh and Au on g/Ru(0001).  The lowest adsorption energy is –2.40 eV 
for Rh1 and –1.57 eV for Au1, both found in the fcc region. 
The minimum-energy global diffusion path between fcc regions of adjacent moiré 
cells on g/Ru(0001) was determined for Au1 and Rh1.  The global diffusion barriers are 
0.53 eV for Rh1 and 0.71 eV for Au1, corresponding to a hopping rate between fcc 
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 at room temperature, 
respectively.  The consequences of different mobility of adatoms to cluster nucleation 
and growth were explored by performing Monte Carlo-based statistical analysis.  We 
demonstrated that even deposition coupled with a lack of transport across moiré cells is 
key to maximizing cluster number density and size uniformity, whereas significant 
transport across moiré cells leads to agglomeration and formation of large particles.  
However, experimentally Rh has been observed to form clusters at greater number 
density than Au on g/Ru(0001) [1].  The discrepancy between the experiment and the 
greater mobility of Rh1 than Au1 as predicted by theory suggests the need to take 
additional diffusing species, such as larger clusters, into account in understanding the 
nucleation and growth behavior of Au.  Our work regarding this issue is presented in 
Chapter 4. 
In Chapter 3, we performed periodic DFT calculations to investigate the 
adsorption and diffusion characteristics for all 18 4d (Y-Ag) and 5d (La-Au) metal 
adatoms on g/Ru(0001) using a series of (3×3) surface models representing the fcc, hcp, 
mound, and ridge regions of the graphene moiré.  For all the adatoms, the global 
minimum-energy adsorption site is found in the fcc region and the global maximum in 
the mound region.  This is consistent with previous experimental observations that 
nucleation occurred almost exclusively in the fcc region and never in the mound region 
[1-5].  For each series of the transition metals, those that have a half-filled or completely 
filled d shell have the weaker adsorption energies.  By comparing the g/Ru(0001) 
surfaces with the freestanding graphene, it was seen that the Ru substrate enhances the 
adsorption of all 18 adatoms on graphene. 
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Diffusion within the fcc region is facile at room temperature for most adatoms 
(with the notable exception of Ta), but an additional barrier is imposed by the corrugation 
of the graphene moiré for traversing between moiré cells.  Overall, the adatoms of the 
earlier transition metals have lower global mobility than those of the later ones, and the 
adatom of a 5d transition metal has lower global mobility than that of the corresponding 
4d transition metal in the same group in the periodic table.  We postulate that the 
maximum filling factor of the graphene moiré cells is achieved as a balance between 
nucleation density and diffusion length, both of which connect to the adsorption energy 
and the global mobility of the metal adatom on g/Ru(0001).  Substrate temperature and 
coverage of metal atoms deposited will also influence nucleation density and diffusion 
length. 
Motivated by the discussion following the statistical analysis in Chapter 2, we 
performed DFT calculations in Chapter 4 to examine the adsorption and diffusion of Rh 
and Au dimers and trimers on g/Ru(0001) and compared to our previous study of 
monomers.  We have determined the lowest-energy structure, the diffusion barrier, and 
the room temperature hopping rate for Rh and Au dimers and trimers.  All these small 
clusters were predicted to prefer adsorption in the fcc region of g/Ru(0001).  The 
adsorption energy of a Rh2 (Rh3) in the fcc region is −2.85 (−3.53) e , while for a Au2 
(Au3) it is −0.99 (−1.64) e .  The diffusion barriers were determined by performing NEB 
calculations.  The global diffusion barriers are 0.82 (1.50) eV for Rh2 (Rh3) and 0.51 
(0.81) eV for Au2 (Au3), corresponding to a hopping rate between fcc regions of adjacent 













Au2 (Au3) at room temperature, respectively.  Our study show that Rh monomers diffuse 
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faster than dimers and trimers.  For Au, however, dimers diffuse faster than monomers 
and trimers on the moiré surface.  This difference in diffusion behaviors is directly 
associated with the cluster orientation with respect to the surface.  We thus studied the 
orientation of dimers for all 4d and 5d transition metals on the surface.  This analysis 
suggests that Re and Ag also form dimers that diffuse faster than monomers on the 
g/Ru(0001) surface, but that all other metals have diffusivities that decrease 
monotonically with cluster size.   
In Chapter 5, we examined the energetics of Au8 clusters in the fcc and ridge 
region of g/Ru(0001) by using a method combining Genetic Algorithm with DFT 
calculations.  The most stable Au8 structure and its energy in each of these two regions 
were reported and the diffusion barrier for the Au8 cluster on the graphene moiré was 
estimated.  We predict that a Au8 cluster prefers to form a double-layer wall structure in 
the fcc region, which is consistent with the double-layer Au islands observed in the 
experiment [6] and the fact that nucleation of Au starts in the fcc region at low coverage 
[1].  This consistency provides us insight on the formation mechanism of Au double-layer 
film on g/Ru(0001).  It supports our hypothesis that the sintering mode of Au clusters is 
Ostwald ripening and the vertical Au2 is the major diffusing species and the building 
block to form larger Au islands on g/Ru(0001).   
In Chapter 6, we studied the morphology of Cu clusters on g/Cu(111) via 
investigating the adsorption of a Cu19 cluster in the fcc region of g/Cu(111) using MD 
simulations with the COMB3 potential.  From these simulations, we determined the low 
energy Cu19 structures and their adsorption energies at 0 K on g/Cu(111).  Our results 
show that at low temperature, a Cu19 cluster prefers to form a 3D compact structure on 
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g/Cu(111).  It implies that 3D Cu aggregates, different from 2D Au islands on 
g/Ru(0001), may form on g/Cu(111).  We also studied the mobility of Cu clusters on 
g/Cu(111) by performing NVT-MD simulations at elevated temperatures.  The analysis 
shows that the small corrugation of g/Cu(111) imposes weak interation on the supported 
Cu clusters, which suggests that g/Cu(111) may not be an ideal substrate for the 
formation and growth of isolated Cu clusters.   
Our results show that graphene moiré has the potential of being a suitable 
template for the rational design of metal cluster superlattices.  The consistency of our 
predictions with available experimental observations suggests that these understandings 
and insights may help experimental researchers achieve dense super-lattices of clusters of 
additional transition metals on g/Ru(0001), for applications including model catalysis 
studies.   
7.2 Outlook 
We have performed computational studies to investigate the graphene moiré 
formed on Ru(0001) and its function as the support and template of growing catalytic 
metal clusters.  The graphene moiré has periodically alternating regions of strong and 
weak interactions with Ru(0001).  This periodic and heterogeneous nature of the 
graphene moiré and its good stability makes g/Ru(0001) a viable template that supports 
cluster formation and is free of other reactive elements.  As graphene is a chemically inert 
carbon surface, only the clusters formed on it are expected to participate in catalytic 
reactions, thereby reducing the complexity of reaction mechanisms.  This stands in 
contrast to oxide-supported catalysts.  There is thus a great opportunity to study catalytic 
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reactions at low temperature on metal clusters supported on g/Ru(0001), and conceivably 
other metal-supported graphene moiré surfaces.   
Various metal species have been studied experimentally and computationally on 
g/Ru(0001) and other supported graphene, such as g/Ir(111), g/Rh(111), etc.  In 
particular, Rh, Pt, Ru, Pd, Co, and Au were all seen to nucleate in the fcc region of 
g/Ru(0001) [1, 5].  While Rh, Pt, and Ru form finely dispersed small clusters at low 
coverages, Pd and Co rapidly form large 3D aggregates, and Au forms large 2D islands.  
Pt, W, Re, Fe, and Au on g/Ir(111) have been studied by N’Diaye et al. [7] who reported 
that Pt, W, and Re form epitaxial cluster superlattices, while Fe and Au do not.  Several 
key factors that govern the growth and distribution of metal on graphene moiré have been 
suggested.  It was concluded that the metals that grow epitaxial cluster superlattices on 
supported graphene have three characteristics: (1) a large cohesive strength to form 
strong bonds; (2) a large extension of localized valence orbital to efficiently interact with 
graphene and initiate rehybridization of carbon atoms; and (3) a certain lattice match with 
the graphene unit cell [7].    
The preference of metal clusters forming 2D planar islands on graphene moiré 
suggests their strong interaction with the graphene.  It is thus proposed that a competition 
between metal-C and metal-metal interaction should determine the morphology of 
clusters in the cluster formation process.  As long as the metal-C interaction is stronger 
than the metal-metal interaction, a 2D growth mode will persist (i.e., metal wetting the 
graphene).  Otherwise, growth will shift to a 3D mode.  The strength of the metal-C bond 
increases in the order of Co < Pd < Rh < Pt < Ir < Ru [8, 9].  However, the metal-metal 
bond energy, or the cohesive energy of the metal, is difficult to determine since it 
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depends on the size, shape, and structure of the nanoclusters [10, 11], so one cannot 
assume the cohesive energy of small clusters during the initial stage of growth to be the 
same as that of bulk metals. 
The substrate metal on which graphene is supported also has a significant effect 
on the cluster growth on the graphene moiré.  For instance, Pt cluster has been grown on 
both g/Ru(0001) [3] and g/Ir(111) [7], but the resulting clusters are qualitatively different.  
The smallest 2D Pt clusters prefer the fcc regions on g/Ru(0001) instead of the hcp 
regions on g/Ir(111).  Pt clusters on g/Ru(0001) are less uniform and epitaxial cluster 
superlattices cannot be fabricated at room temperature, and conversion from 2D to 3D 
clusters occurs at much lower coverages on g/Ru(0001) than g/Ir(111) (0.02 ML vs. 0.1 
ML).  While there is evidence that graphene interacts more strongly with Ru(0001) than 
Ir(111), it is unclear how this stronger interaction affects the clustering mechanisms of 
metals deposited on graphene moiré.  
Overall, research in the area of metal cluster growth on graphene moiré supported 
by metal substrates so far remains in an early exploration phase.  For example, additional 
information about the size-dependent surface bond energies needs to be collected in order 
to provide a quantitative explanation of the cluster nucleation and growth of a given 
metal on a graphene moiré and to validate the argument based on metal-C and metal-
metal interactions mentioned above.  These data would be difficult to obtain 
experimentally, thus requiring more computational studies on this matter.  Furthermore, 
the kinetics of surface mass transport has not been taken into account and we have not 
fully understood the effect of the deposition temperature.  These fields remain to be 
further investigated in the future research through experiments and computational 
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simulation.  Although the exact nucleation and growth mechanisms are unclear, it has 
been demonstrated that the metal-supported graphene moiré has the potential of being a 
viable template for growing cluster superlattices with tunable properties.  With continued 
research, the rational design of metal cluster superlattices on graphene moiré with desired 
size, composition, and catalytic properties will eventually be realized.   
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SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
 
A.1 Convergence tests 
We have performed a series of tests on the effect of the size of the vacuum region, 
the number of Ru layers in the Ru(0001) substrate, and the number of Ru layers relaxed, 





Table A.1: Results of convergence tests with respect to size 
of vacuum region; number of Ru layers in the Ru(0001) 
substrate; and the number of Ru layers relaxed.  Values are 
the adsorption energies of Rh1 and Au1 (in eV) in the off-t1 
and t2 sites, respectively, on the (3×3) fcc g/Ru(0001) model 
surface. 
 
setup  Rh1 Au1 
3 Ru layers, relaxing graphene and top Ru layer 
13 Å vacuum -2.65 -1.42 
15 Å vacuum -2.67 -1.42 
17 Å vacuum -2.67 -1.42 
13 Å vacuum, relaxing graphene and top Ru layer 
3 Ru layers -2.65 -1.42 
4 Ru layers -2.46 -1.33 
5 Ru layers -2.50 -1.32 
13 Å vacuum, 5 Ru layers; relaxing graphene and: 
keeping Ru frozen at optimized positions -2.42 -1.29 
relaxing top 1 Ru layer -2.50 -1.32 
relaxing top 2 Ru layers -2.42 -1.24 
relaxing top 3 Ru layers -2.45 -1.27 
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The results in Table A.1 show the adsorption energies of Rh1 and Au1 are 
essentially invariant with the size of the vacuum region from 13 to 17 Å.  The effect of 
the number of Ru layers relaxed is also small, at 0.05 eV between relaxing top 1 and 3 Ru 
layers.  Keeping the Ru slab frozen at the optimized position of the clean g/Ru surface 
results in a small, fortuitous reduction of this difference.  The number of Ru layers 
included in the Ru(0001) substrate has a larger effect on the adsorption energy of the 
adatoms.  The difference between the 3-layer and 5-layer Ru slabs is 0.15 eV for Rh1 and 
0.11 eV for Au1. 
Because a significant number of large-scale calculations using the full (1212)-
graphene moiré on (1111)-Ru(0001) model are needed to construct the coarse-grained 
PESs, we decided to use a 13 Å vacuum region and a 3-layer Ru(0001) slab to support 
the graphene, with the top Ru layer frozen at the optimized position of the clean g/Ru 
surface, as it offers a reasonable tradeoff between accuracy and computational cost.  
According to the tests above, the adsorption energy of Rh1 and Au1 on the coarse-grained 
PESs may be overestimated by up to 0.15 and 0.11 eV, respectively, if the 5-Ru layer 
results are taken to have converged.  Several recent studies on graphene moiré on 
Ru(0001) have used a 3-layer Ru(0001) slab [1-3], although Stradi et al. have recently 
concluded that it takes at least 5 Ru layers to correctly capture the surface electronic 
structure of g/Ru(0001) [4].   
For the calculations performed on the full (1212)-graphene moiré on (1111)-
Ru(0001) model, we verified that the adsorption energies of the adatoms at selected sites 
change by less than 0.10 eV, and the estimated global diffusion barriers change by less 
than 0.05 eV, by further converging geometry optimization to 0.03 eV/Å on a -centered 
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331 Monkhorst-Pack k-point grid.  The more stringent convergence criteria are not 
used in constructing the coarse-grained PESs for the same reason as above. 
A.2 Adsorption energies on the coarse-grained PESs 
The coarse-grained potential energy surfaces for Rh1 and Au1 on the graphene 
moiré/Ru(0001) surface are shown in the symmetry-irreducible zone, with the adsorption 









Figure A.1: Potential energy surface for Rh1 sampled at all the top and ring center sites in the symmetry-
irreducible zone of the g/Ru(0001) surface, with the adsorption energy of the adatom labeled at each site.  
Contours are generated based on interpolation and overlaid onto the graphene network as an aid to the eye 
only.  The minimum-energy diffusion path is marked by a dashed line, and the highest-energy site on the 





Figure A.2: Potential energy surface for Au1 sampled at all the top and ring center sites in the symmetry-
irreducible zone of the g/Ru(0001) surface, with the adsorption energy of the adatom labeled at each site.  
Contours are generated based on interpolation and overlaid onto the graphene network as an aid to the eye 
only.  The minimum-energy diffusion path is marked by a dashed line, and the highest-energy site on the 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3 
 
Below we report the potential energy surfaces (PESs) calculated for the 18 4d (Y-
Ag) and 5d (La-Au) transition metal adatoms on the (3×3) freestanding graphene and the 
fcc, hcp, and ridge versions of the (3×3) g/Ru(0001) surface models.  The PESs for each 
metal have their own energy scales (in eV).  Contours are generated based on 















Figure B.1: PESs of the 18 4d and 5d transition metal adatoms on freestanding graphene.  The color scale 

















Figure B.2: PESs of the 18 4d and 5d transition metal adatoms on the (3×3) fcc, hcp, and ridge g/Ru(0001) 






SUPPLEMENTARY INFORMATION FOR CHAPTER 4 
 
We provide the figures for the most stable dimer configurations in the hcp (Figure 
C.1) and the ridge region (Figure C.2) for Rh and Au.  We also show an example of 
different proposed diffusion modes we considered for Rh2 in the fcc region in Figure C.3.  
The diffusion paths for Rh3 (Figure C.4) and Au3 (Figure C.5) in the ridge region are 





Figure C.1: The most stable dimer configuration in the hcp region for (a) Rh (pink), top view; (b) Au 
(yellow), top view; (c) Au, side view.  Three Ru (green, light blue, dark blue) layers are shown, with the 




Figure C.2: The most stable dimer configuration in the ridge region for (a) Rh, top view; (b) Au, top view; 






Figure C.3: Different diffusion modes considered for Rh2 diffusing within the fcc region.  In (a), all modes 
are within the same 6-C ring, which do not contribute to the net diffusion.  In (b), all modes are across two 
neighboring 6-C rings, which contribute to the net diffusion.  Concerted modes are represented by “c” and 
dashed line, while stepwise modes are represented by “s” and solid line.  Each mode is numbered, e.g. 
mech(b2c), which indicates mechanism #2 in (b) with concerted mode.  Filled symbols are local minima 
(LM) and unfilled symbols are transition states (TS).  The adsorption energy of LM and TS for each 
diffusion mode is labeled.  Diffusion paths are shifted from each other in x-coordinate for a better view.  A 
combination of mech(b1s) and mech(b3s) is the path with the lowest energy barrier for Rh2 to diffuse 




Figure C.4: The diffusion path of Rh3 in the ridge region.  Circles (squares) indicate stable local minima 





Figure C.5: The diffusion path of Au3 in the ridge region.  Circles (squares) indicate stable local minima 




SUPPLEMENTARY INFORMATION FOR CHAPTER 5 
 
Table D.1: The adsorption energy of the 6 most stable Au8 clusters in the fcc region of g/Ru(0001) using a 
(5×5) and a (6×6) supercell with 3 layers of Ru.  
 
Au8 structure Eads_(5×5) (eV) Eads_(6×6) (eV) 
F1 -2.10 -1.58 
F2 -1.99 -1.44 
F3 -1.87 -1.31 
F4 -1.67 -1.17 
F5 -1.82 -1.22 





Figure D.1: Top view of the structures of the 6 most stable Au8 clusters ((a)-(f): in energy-ascending order) 




Figure D.2: Top view of the structures of the 6 most stable Au8 clusters ((a)-(f): in energy-ascending order) 
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